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ABSTRACT 
 
With the world’s population increasing, fossil fuel resources are being 
consumed at an ever-increasing rate. At the same time, the globalization wave 
of recent years has also brought forward significant humanitarian and 
environmental concerns such as the depletion of other natural resources and 
climate change. With these problems in mind, the production of biofuels is seen 
as an alternative solution of strategic importance in many countries. The 
objective of this research is to propose a biofuel supply chain framework that 
aims to maximize profit and minimize environmental impact. This will be done 
by considering the various sub-components of the biofuel supply chain.  
 
Using the superstructure approach and supply chain block representation, a 
mathematical formulation is setup to analyse a biomass cultivation site, 
biomass storage and distribution facility, biofuel production plant, biofuel 
storage and distribution facility, by-product storage and distribution facility, and 
finally the customer. A case study on a wheat-to-bioethanol supply chain in the 
UK is proposed along with another case study on product distribution in the UK 
to test the validity and robustness of the proposed work.  
 
The result of the case studies shows that compared to traditional fossil fuels, 
biofuel is less competitive in terms of pricing due to the poor conversion ratio 
and high animal feed wheat price in the UK. However, the WTI Crude Oil price 
will increase in the long run and therefore, there will be good fighting chance for 
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the biofuel supply chain to compete with the traditional fossil fuel supply chain in 
future. As for the biofuel distribution, a centralized distribution method is more 
cost effective when using diesel trucks for delivery. However, the use of electric 
trucks will give decentralized distribution an advantage in terms of costs. 
 
Overall, this research gives an overview of setting up a biofuel supply chain 
framework, where each of the sub-components is considered, together with 
other factors such as government policy and environmental impacts. Although 
biofuel may not be the most desirable energy source now, it still has great room 
for improvement in the future, with the advancement in technologies. 
 
The researched work helps to fill the gap in terms of holistic approach towards 
the supply chain of biofuels. It bridges both the process-centric and operation 
research centric views the current biofuel processes by including better 
treatment of degrees of freedom and considerations from Small and Medium 
Enterprises (SMEs) viewpoints. The work also allows combinations of various 
models built for specific supply chain stage. This brings more diverse 
applications of the model and better analysis of biofuel supply chain as a whole, 
such as analysis of biofuel supply chain with respect to the changes in biomass 
/ biofuel price. 
  
v 
 
 
TABLE OF CONTENTS 
 
DECLARATION OF ORIGINALITY .................................................................... I 
ACKNOWLEDGEMENTS .................................................................................. II 
ABSTRACT  ................................................................................................. III 
LIST OF FIGURES ............................................................................................ IX 
LIST OF TABLES ............................................................................................. XI 
CHAPTER 1: INTRODUCTION ....................................................................... 1 
CHAPTER 2: LITERATURE REVIEW............................................................. 7 
2.1 Supply Chain ........................................................................................... 7 
2.1.1 Introduction .......................................................................................... 7 
2.1.2 Supply Chain Classification .................................................................. 7 
2.1.2.1 Traditional Manufacturing Supply Chain ....................................... 8 
2.1.2.2 Retail Supply Chain ...................................................................... 9 
2.1.2.3 Hybrid Supply Chain ................................................................... 10 
2.1.3 Supply Chain Integration .................................................................... 10 
2.1.3.1 Supply Chain Horizontal Integration ............................................. 11 
2.1.3.2 Supply Chain Vertical Integration ................................................. 11 
2.2 Supply Chain Management ................................................................... 14 
2.3 Supply Chain Management through Modelling ...................................... 15 
2.4 Biofuel Supply Chain ............................................................................. 19 
2.4.1 Introduction ........................................................................................ 19 
2.4.2 Biomass Feedstock Transportation .................................................... 20 
2.4.3 Biofuel Production .............................................................................. 21 
2.4.3.1 Biochemical Conversion ............................................................. 24 
2.4.3.2 Thermochemical Conversion ...................................................... 27 
2.4.4 Biofuel Supply Chain Modelling ......................................................... 28 
vi 
 
 
2.5 Government Policy on Biofuel ............................................................... 29 
2.5.1 UK and EU Government Policy on Biofuel ......................................... 29 
2.5.2 US Government Policy on Biofuel ...................................................... 30 
2.6 Environmental Impacts .......................................................................... 31 
2.6.1 Life Cycle Analysis ............................................................................. 32 
2.6.2 Life Cycle Cost Analysis ..................................................................... 33 
2.6.3 Life Cycle Environment Cost Analysis ................................................ 34 
CHAPTER 3: RESEARCH METHODOLOGY ............................................... 38 
3.1 Introduction ............................................................................................ 38 
3.2 Problem Statement ................................................................................ 39 
3.3 Research Methodology .......................................................................... 41 
3.3.1 Biomass Cultivation Site .................................................................... 43 
3.3.2 Biomass Storage and Distribution ...................................................... 45 
3.3.3 Product Storage and Distribution ....................................................... 47 
3.3.4 Biofuel Production Plant ..................................................................... 49 
3.3.5 Government Polices ........................................................................... 50 
3.3.6 Environment Impact ........................................................................... 50 
CHAPTER 4: BIOFUEL SUPPLY CHAIN MODEL SETUP .......................... 51 
4.1 Introduction ............................................................................................ 51 
4.2 Objective Function of the Biofuel Supply Chain ..................................... 53 
4.3 Biofuel Supply Chain Income ................................................................. 57 
4.3.1 Income for the Biomass Storage and Distribution Facility .................. 63 
4.3.2 Income for the Biofuel Production Plant ............................................. 64 
4.3.3 Income for the Biofuel Storage and Distribution Facility ..................... 66 
4.3.4 Income for the By-product Storage and Distribution Facility .............. 66 
4.4 Biomass Cultivation Sites ...................................................................... 67 
4.5 Biofuel Supply Chain Costs ................................................................... 68 
4.5.1 Costs for Biomass Storage and Distribution Facility........................... 69 
4.5.1.1 Cost for Biomass Storage Component ........................................ 71 
4.5.1.2 Cost of the Biomass Distribution Component ............................. 72 
4.5.2 Costs for the Biofuel Production Plant ................................................ 74 
4.5.3 Costs of the Biofuel Storage and Distribution Facility ......................... 77 
vii 
 
 
4.5.3.1 Cost of the Biofuel Storage Component ...................................... 79 
4.5.3.2 Cost of the Biofuel Distribution Component ................................ 79 
4.5.4 Cost of the By-Product Storage and Distribution Facility .................... 81 
4.5.4.1 Cost of By-Product Storage Component ..................................... 84 
4.5.4.2 Cost of the By-Product Distribution Component .......................... 85 
4.5.5 Government Policy Related to Biofuel Supply Chain ......................... 87 
4.5.5.1 Taxation on Biofuel Supply Chain ............................................... 87 
4.5.5.2 Subsidy on Biofuel Supply Chain ................................................ 89 
4.5.6 Environmental Impact Analysis of Biofuel Supply Chain .................... 93 
4.5.6.1 Environmental Impact of Biomass Distribution and Storage 
Facility  .................................................................................................... 99 
4.5.6.2 Environmental Impact of Biofuel Production Plant .................... 100 
4.5.6.3 Environmental Impact of Biofuel Storage and Distribution  
Facility  .................................................................................................. 101 
4.5.6.4 Environmental Impact of By-Product Storage and Distribution 
Facility  .................................................................................................. 102 
4.6 Conversion, Capacity and Mass Balance for Biofuel Supply Chain ..... 104 
4.6.1 Conversion Factor from Biomass Feedstock to Biofuel and 
By-products ................................................................................................. 105 
4.6.2 Location and Capacity Analysis of Biofuel Supply Chain Facilities and 
Production Plants ........................................................................................ 107 
4.6.3 Biomass Feedstock, Biofuel By-Product Balance within Biofuel Supply 
Chain  .......................................................................................................... 111 
4.7 Conclusion ............................................................................................ 114 
CHAPTER 5: CASE STUDY SPECIFICAIONS .......................................... 116 
5.1 Introduction ........................................................................................... 116 
5.2 Biofuel Supply Chain Case Study ......................................................... 117 
5.2.1 Wheat-to-Ethanol Biofuel Supply Chain – the United Kingdom ......... 117 
5.2.2 Objective Function ............................................................................ 119 
5.2.3 Biofuel Supply Chain Income ............................................................ 119 
5.2.4 Biomass Cultivation Site Sub-Component ....................................... 122 
5.2.5 Biomass Storage and Distribution Facility Sub-Component ............. 124 
5.2.5.1 Biomass Storage Maximum Capacity ....................................... 124 
5.2.5.2 Biomass Feedstock Purchase Cost .......................................... 125 
5.2.5.3 Biomass Storage Costs ............................................................ 126 
viii 
 
 
5.2.5.4 Biomass Distribution Costs ....................................................... 127 
5.2.6 Biofuel Production Plant Sub-Component ........................................ 128 
5.2.6.1 Candidate Location Selection ................................................... 128 
5.2.6.2 Biofuel Production Plant Maximum Capacity ............................ 130 
5.2.6.3 Biofuel Production Plant Costs.................................................. 131 
5.2.6.4 Biofuel Production Plant Conversion Technology ..................... 132 
5.2.7 Main Product and By-Product Storage and Distribution Facility 
Sub-Component .......................................................................................... 136 
5.2.7.1 Candidate Location Selection and Distribution Modes .............. 138 
5.2.7.2 Biofuel and By-product Storage and Distribution Maximum 
Capacity  .................................................................................................. 142 
5.2.8 Taxation and Subsidy ....................................................................... 143 
5.2.9 Biofuel and By-Product Customer Demand ..................................... 144 
5.2.10 Environmental Impact ................................................................... 145 
5.3 Transportation Method Analysis .......................................................... 149 
5.3.1 Biofuel Production Plant Setup ........................................................ 150 
5.3.2 Centralised Distribution Model Setup ............................................... 152 
5.3.3 Decentralised Distribution Model Setup ........................................... 153 
5.4 Conclusion ........................................................................................... 158 
CHAPTER 6: RESULT ANALYSIS ............................................................. 160 
6.1 Introduction .......................................................................................... 160 
6.2 Case Study 1: Wheat-to-Bioethanol Biofuel Supply Chain in UK ......... 160 
6.2.1 Case Study 1 Result Analysis .......................................................... 162 
6.2.2 Wheat-to-Bioethanol Biofuel Supply Chain Sensitivity Analysis ....... 167 
6.2.2.1 Animal Feed Wheat vs. Bioethanol Price .................................. 168 
6.2.2.2 Bioethanol vs. WTI Crude Oil Price ........................................... 170 
6.3 Transportation Method Analysis Result ............................................... 175 
6.3.1 Centralised Distribution vs. Decentralised Distribution ..................... 175 
6.3.2 Decentralised Distribution Sensitivity Analysis ................................. 180 
6.3.3 Conclusion ....................................................................................... 185 
CHAPTER 7: CONCLUSION AND FUTURE WORK .................................. 187 
REFERENCES  .............................................................................................. 192 
  
ix 
 
 
LIST OF FIGURES 
 
Figure 2.1: Traditional manufacturing supply chain setup .................................. 8 
Figure 2.2: Typical retail supply chain setup ...................................................... 9 
Figure 2.3: Type of supply chain integration ..................................................... 11 
Figure 2.4: Different types of vertical integration .............................................. 13 
Figure 2.5: Supply chain management setup with product and information  
flows .............................................................................................. 15 
Figure 2.6: Modelling concept of horizontal merger .......................................... 18 
Figure 2.7: Biorefinery concept ......................................................................... 24 
Figure 2.8: Schematic of a biochemical cellulosic ethanol production process 25 
Figure 2.9: Schematic of the biochemical conversion ...................................... 27 
Figure 2.10: Schematic of the thermochemical process ................................... 28 
Figure 3.1: Biofuel supply chain under discussion ............................................ 40 
Figure 3.2: Supply chain block representation.................................................. 42 
Figure 3.3: Centralised distribution ................................................................... 47 
Figure 3.4: Decentralised distribution ............................................................... 47 
Figure 4.1: Biofuel supply chain for the first scenario ....................................... 61 
Figure 4.2: Biofuel supply chain for the second scenario ................................. 62 
Figure 4.3: Biofuel supply chain for the third scenario ...................................... 63 
Figure 4.4: Different transportation modes used for biomass transportation .... 71 
Figure 4.5: Different transportation modes used for biomass transportation .... 80 
Figure 4.6: Different transportation modes used for by-product transportation 85 
Figure 5.1: Biofuel supply chain case study setup .......................................... 118 
Figure 5.2: 2008 Distribution of wheat farming in UK ..................................... 124 
Figure 5.3: UK wheat price vs. time plot ......................................................... 126 
Figure 5.4: Basic wheat to bioethanol production pathway ............................ 133 
Figure 5.5: Schematic of land-based truck and rail ethanol distribution system137 
Figure 5.6: Centralised distribution setup ....................................................... 153 
Figure 5.7: Decentralised distribution setup ................................................... 155 
Figure 6.1: Result for wheat-to-bioethanol biofuel supply chain case study 
(biofuel) ....................................................................................... 162 
x 
 
 
Figure 6.2: Result for wheat-to-ethanol biofuel supply chain case study   
(𝐃𝐃𝐆𝐒) ........................................................................................ 166 
Figure 6.3: Result for wheat-to-ethanol biofuel supply chain case study (pure 
𝐂𝐎𝟐) ............................................................................................ 167 
Figure 6.4: 10 years avg. animal feed wheat price vs. biofuel production plant 
profit (2012-eq.) ........................................................................... 170 
Figure 6.5 : 10 year avg. feed wheat and WTI crude oil price vs. time ........... 171 
Figure 6.6: UK petrol price (before tax) vs. time (10 years 2012-eq.) ............. 173 
Figure 6.7: UK petrol price vs. WTI crude oil price (10 years 2012-eq.) ......... 173 
Figure 6.8: UK Petrol Price vs. UK Feed Wheat Price (10 years 2012-eq.) ... 175 
Figure 6.9: Bioethanol delivery per city for centralised distribution method .... 176 
Figure 6.10: Cost analysis for centralised distribution .................................... 177 
Figure 6.11: Cost analysis for decentralised distribution ................................ 178 
Figure 6.12: Total cost vs. number of distribution facilities allowed for 
decentralised distribution method ................................................ 181 
Figure 6.13: Distribution cost vs. number of distribution facilities used for 
decentralised distribution model .................................................. 182 
Figure 6.14: Number of distribution facilities vs. Unit transportation cost ....... 183 
Figure 6.15: Number of distribution facilities vs. Unit transportation cost ....... 184 
Figure 6.16: Total transportation cost vs. unit transportation cost for 
decentralised distribution between the distribution facility and the 
customer...................................................................................... 185 
 
  
xi 
 
 
LIST OF TABLES 
 
Table 2.1: Performance measures in supply chain modelling (Beamon, 1998) 16 
Table 2.2: Different generations of Biofuel ....................................................... 22 
Table 4.1: Relationship between environmental impact and biofuel supply chain
 ................................................................................................................... 96 
Table 5.1: Conversion factors as of 2012 ....................................................... 118 
Table 5.2: Discount factors for various interest rates and years ..................... 119 
Table 5.3: Selling price for various products (2012 equivalent) ...................... 121 
Table 5.4: Income for the various sub-components of the supply chain ......... 122 
Table 5.5: Maximum capacity for various biofuel production plants ............... 131 
Table 5.6: Conversion factors for the case study ........................................... 135 
Table 5.7: Shipping locations for customers ................................................... 140 
Table 5.8: Biofuel and by-product shipping information .................................. 141 
Table 5.9: Biofuel and by-product transportation modes used ....................... 142 
Table 5.10: Various customer demands (unit: kg) .......................................... 144 
Table 5.11: Emissions data for biomass feedstock storage and distribution set146 
Table 5.12: Emissions data for biofuel production set .................................... 147 
Table 5.13: Emissions data for main product storage and distribution sets .... 148 
Table 5.14: Emissions data for by-product storage and distribution set ......... 148 
Table 5.15: Population density and demand .................................................. 151 
Table 5.16: Customer city and the relative distance from the biofuel production 
plant ............................................................................................ 152 
Table 5.17: Candidate distribution centres and the relative distance from the 
biofuel production plant ............................................................... 154 
Table 5.18: Customer city and the relative distance from the candidate 
distribution centres ...................................................................... 157 
Table 6.1: Animal feed wheat cost vs. biofuel production plant profit ............. 168 
Table 6.2: Delivery result for decentralised distribution method (unit: M gal) . 179 
 
1 
 
 
CHAPTER 1: INTRODUCTION 
 
With the world’s population increasing, fossil fuel resources are being consumed 
at an ever-increasing rate. At the same time, the globalization wave of recent 
years has also brought forward significant humanitarian and environmental 
concerns such as the depletion of other natural resources and climate change.  
 
With these problems in mind, the production of biofuels is seen as an alternative 
solution of strategic importance in many countries. From an economic point of 
view the growth in biofuel production could help to significantly reduce oil 
imports, support agriculture and forestry growth, and foster a domestic 
bio-refinery industry (Perlack et al., 2005; Alex et al., 2011). With these benefits 
in mind, many nations have set targets for biofuel development. For instance, 
the US Renewable Fuels Standard program (RFS2) mandates that by 2022 at 
least 36 billion gallons per day of renewable fuel will be blended into 
motor-vehicle fuel, and over 80% will be based on cellulosic feedstock such as 
crop residues and dedicated energy crops (United States Environmental 
Protection Agency (EPA), 2010). Similarly, in Europe, it is mandated that by 
2020 the EU’s 10% target for renewable energy use in the transport sector will 
be achieved using both first- and second- generation biofuels in the ratio 70:30 
(Fonseca et al., 2010; Institute for Energy and Transport (IET), 2007). For these 
reasons, the locations, efficiency of the conversion technologies and other 
capacities used for the overall biofuel supply chain are vital. A holistic approach 
towards the overall biofuel supply chain, from biomass supply to the end 
customers, needs to be engaged with appropriate presentation methods to 
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monitor these varied technologies and their process parameters, all with a view 
to maximising the economic benefits and minimising the environmental effects. 
 
Currently, most biofuel production is still based on the first-generation 
technologies, which utilizing biomass food crops as feedstock. However, the use 
of such food crops has raised a lot of controversies. For instance, in 2012, the 
European Commission (EC) proposed limiting the amount of food-based 
biofuels that count towards the EU’s 10% target for renewable energy in 
transport (European Commission, 2012). Consequently, a significant research 
effort has been directed towards the development of second-generation biofuel 
refining, which uses non-food energy crops (i.e. crops that are grown for the 
purpose of producing energy) and biomass waste. Although these plants are still 
at the early stage of development, they are expected to offer better production 
performance with better environmental indicators such as a reduction in overall 
emissions and energy consumption in the biofuel supply chain (IEA, 2008; Naik 
et al., 2009; European Commission, 2006, 2009; Pistikopoulos et al., 2011).  
 
Optimisation of the biofuel supply chain is therefore focused on providing 
competitive costs with minimal environmental impact, by considering all of the 
components within the supply chain, including transportation and storage. In 
particular, this includes the arrangement and management of biomass supply 
and distribution, the selection of production plant locations, technology and 
capacity, and the organisation of fuel supply distribution. Research by Gold and 
Seuring (2011) concludes that the main challenges in considering supply chain 
performance are in the operations, such as harvesting, collection, storage, 
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pre-treatment, transport and the biomass feedstock to biofuel conversion 
processes. 
 
With the rise in environmental awareness, research work related to the biofuel 
supply chain has started to shift towards the assessment of economic costs 
together and environmental impacts. Work by Pistikopoulos et al. (2011) used a 
multi-objective modelling framework to optimise the hybrid first- / 
second-generation biofuel supply chains in the United Kingdom, by focusing on 
the potential Green House Gas (GHG) savings, the impact of carbon tax on the 
chain, and the trade-off between economic and environmental objectives in the 
total supply chain cost. Separate work by Pistikopoulos et al. (2011) addressed 
the sustainability issues such as the use of food crops and the land use 
requirements of second-generation crops in relation to the biofuel supply chains 
in the United Kingdom. 
 
However, most of the previous work has only considered the nodes of biomass 
cultivation sites, biofuel production facilities and/or demand centres, with 
transportation means, while others have considered only the biofuel supply 
chain from biomass sites to biofuel production. Much less has been reported on 
inclusion and the effects of the locations and capacities of individual types of 
biomass and product storage. The objective of this research is to propose a 
biofuel supply chain framework that aims to maximise profit and minimise 
environmental impact. This will be done by considering the various 
sub-components of the biofuel supply chain, namely: 
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 The biomass supply- the biomass feedstock is harvested and transported 
based on seasonality. 
 The biomass storage and distribution facility- the biomass feedstock 
capacity and location are calculated based on candidate points. 
 The biofuel production plant- conversion technology, production plant 
capacity and location are calculated through candidate points. 
 The product storage and distribution facility- main product (biofuel) and 
by-product capacity and locations are calculated based on candidate points.  
 The transportation modes- different types and sizes of transportation modes 
are considered in the biofuel supply chain to reduce the cost. 
 Government policies, such as environmental levy, taxation and subsidies, 
which takes into consideration the extent of policy effects in the biofuel 
supply chain. 
 
For the remaining chapters, Chapter 2 reviews the literature and previous work 
in terms of supply chain management and modelling, and the differences 
between the retail supply chain and the biofuel supply chain. It looks specifically 
at the biofuel supply chain sub-components such as biomass cultivation, 
biomass and product storage and distribution and biofuel production. Other 
factors such as government policies and environmental impacts are also 
discussed. 
 
Chapter 3 looks into the research methodology, which is broken down into 
biomass cultivation sites, biomass storage and distribution facility, biofuel 
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production plants, product storage and distribution facilities, as well as 
government policies and environmental impacts.  
 
Chapter 4 shows the mathematical formulation of the proposed biofuel supply 
chain framework based on the biofuel supply chain methodology given in 
Chapter 3. 
 
Chapter 5 introduces several case studies on the biomass supply chain to 
demonstrate the capabilities and robustness of the researched work. First, a 
case study of a biofuel supply chain from the supply (the biomass cultivation 
site) to the demand (various cities) in the UK is introduced. This demonstrates 
the location allocation, the technology selection, the capacity and the 
transportation modes of the proposed biofuel supply chain framework. Another 
case study based in the UK is then introduced to look at the effects of centralised 
vs. decentralised distribution methods for biofuel deliveries.  
 
Chapter 6 analyses the results obtained in Chapter 5. This chapter will first look 
at the result of the base case study. This is followed by a sensitivity analysis 
such as changes in the price of the biomass feedstock and biofuel under study. 
For the centralised vs. decentralised case study analysis, the comparison 
between centralised vs. decentralised distribution method is first looked at, 
followed by the unit transportation cost that affects the changes in the delivery 
pattern.  
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Finally, Chapter 7 concludes the current research work and look into the 
possible future work.  
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 Supply Chain 
2.1.1 Introduction 
A supply chain is a series of activities involving coordination and collaboration 
with other entities to procure raw materials, transport goods-in-process, 
manufacture finished goods, and transport products to the market and 
customers (Bowersox, Closs, and Cooper, 2010). It starts with the concept of 
logistics, which can be traced back to 1898 (Lummus, Krumwiede, and Vokurka, 
2001) “The French have a third process, which they call logistics, the art of 
moving and quartering troops.” From there, the application of logistics is then 
further extended into the business context by not only moving the goods, but 
also obtaining material, producing, and distributing the products. This is how 
logistics evolves into the concept of supply chain. 
 
2.1.2 Supply Chain Classification 
Most supply chains practised today can be classified into three broad categories: 
(1) The traditional manufacturing supply chain, which focuses on the finished 
goods or semi-finished goods through a traditional supply chain of 
sub-components (the upstream supply chain); 
(2) The retail supply chain, which focuses on the shipment of products to the 
retail store (the downstream supply chain). As such, some supply chain 
sub-components such as manufacturing are by-passed compared to the 
traditional supply chain, where the focus is on the manufacturing, 
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(3) The Hybrid Supply Chain, which refers to a combination of type (1) the 
traditional manufacturing supply chain, and type (2) the retail supply chain. 
In this type of supply chain, the entire upstream and downstream supply 
chains are considered together. Although such consideration is complete, it 
is more complex than considering either the traditional manufacturing supply 
chain or the retail supply chain individually. 
 
2.1.2.1 Traditional Manufacturing Supply Chain 
In the traditional manufacturing supply chain (Figure 2.1), an original equipment 
manufacturer (OEM) obtains raw materials from its Tier 1 suppliers, which in turn 
obtain their own supplies from their own suppliers (Tier 2, Tier 3 to 𝑛 suppliers). 
The raw materials are processed and manufactured into the finished goods, 
which are packed and delivered to the distributors. These goods are then 
passed on to retailers, from which customers can purchase the products.  
 
 
Figure 2.1: Traditional manufacturing supply chain setup 
(Ray, 2010) 
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2.1.2.2 Retail Supply Chain 
A major difference between the traditional manufacturing supply chain in Figure 
2.1 and the retail supply chain shown in Figure 2.2 is that the traditional 
manufacturing supply chain focuses on the suppliers (Tier 2, Tier 3 to 𝑛 
suppliers), which produce the finished or semi-finished goods, while the retail 
supply chain focuses on the distribution of the finished goods. In this case, the 
products can be delivered directly from the supplier or factory to the godown 
(warehouse), the central distribution centre (DC), a regional distribution centre 
(RDC), a retail store, or even the end customer.  
 
 
Figure 2.2: Typical retail supply chain setup 
(Ray, 2010) 
 
A godown may be required depending on where the supplier or factory is located 
and the nature of the product. Compared to the traditional manufacturing supply 
chain, the retail supply chain is more agile in terms of delivery modes, as some 
supply chain sub-components (e.g. Godwon, CDC and RDC) can be by-passed 
if required to speed up the delivery. This is shown in Figure 2.2.  
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2.1.2.3 Hybrid Supply Chain 
Other than the traditional manufacturing supply chain and the retail supply chain, 
many industries now practise what is known as the “hybrid supply chain”. This 
combines part(s) of both the traditional manufacturing supply chain and the retail 
supply chain. The flow of the traditional supply chain (i.e. the supplying tiers of 
material flow) is applied by the original equipment manufacturer for mass 
production. Once the products are finished, the retail supply chain methodology 
is adopted for the goods to be delivered to the central distribution centres, 
regional distribution centres, retailers and / or customers, in the shortest time. 
The lean and quick response in the hybrid supply chain is aided by the 
advancement in information technologies, such as the Internet, email and cloud 
computing (Ray, 2010). 
 
2.1.3 Supply Chain Integration 
Supply Chain integration refers to the close connection between the different 
stages within the supply chain. In the past, each supply chain stage consisted 
of one company focusing on one major activity (e.g. supply, manufacturing, 
distribution etc.). In order to improve the efficiency of the entire supply chain, 
these companies may share common information (e.g. inventory stocks) to 
ensure tighter bonds between them. In general, supply chain integration can be 
broadly classified into two types, as shown in Figure 2.3 (Ray, 2010): 
 Horizontal integration 
 Vertical integration 
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Figure 2.3: Type of supply chain integration 
(Source: 
http://en.wikipedia.org/wiki/Vertical_integration#mediaviewer/File:Integration_in
_English.svg) 
 
2.1.3.1 Supply Chain Horizontal Integration 
For horizontal integration, often a company acquires a business of a similar 
nature either to complement its business or for competition purpose. Horizontal 
integration presents the company and society with economics of scale, since 
the same activity within the supply chain is now performed by the same 
company. However, it can also be used as a tool for the same industry doing 
the same stage of production to create a monopoly, as the stages are now 
being controlled under one roof. 
 
2.1.3.2 Supply Chain Vertical Integration 
Supply chain vertical integration occurs when a company performs more than 
one set of major activities within the supply chain stage (e.g. supply and 
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manufacturing, manufacturing and distribution etc.). In the traditional supply 
chain, a company would focus on and perform a single specified activity (e.g. 
manufacturing). However, with vertical integration, the company will perform 
several activities at the same time. Well-planned vertical integration may 
advance the coordination of the supply chain management within the company, 
through it gaining access to the distribution channel, which is a set of firms 
facilitating the movement of products from the point of production to the point of 
sale (Ayers and Odegaard, 2008). However, improperly planned vertical 
integration may also lead to a rigid organisational structure that is resistant to 
changes and becomes inflexible. 
 
According to Ray (2009), there are four main types of supply chain vertical 
integration, as shown in Figure 2.4: 
 No integration, where the company focuses on its own operations only, e.g. 
assembly. Most of the Small and Medium Enterprises (SMEs) adopt this 
strategy due to the lack of funding and ability to monitor more than one 
supply chain stages. 
 Backward integration, where the company focuses on its own activity and 
the activity before it, e.g. intermediate manufacturing and assembly. This is 
done when the supply chain stage before its own activity poses a great value 
to itself (e.g. components that cannot be outsourced due to its importance). 
 Forward integration, where the company focuses on its own activity and the 
activity after it, e.g. assembly and distribution. Similar to the backward 
integration, this is done when the supply chain stage after its own activity 
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poses a great value to itself (e.g. better control of the product distribution 
after it is being manufactured). 
 Full / vertical integration, where the company controls the entire supply chain, 
from the sourcing of raw materials to the distribution of goods. 
 
Raw Materials
Intermediate 
Manufacturing
Assembly
Distribution
End customer
Raw Materials
Intermediate 
Manufacturing
Assembly
Distribution
End customer
Raw Materials
Intermediate 
Manufacturing
Assembly
Distribution
End customer
Raw Materials
Intermediate 
Manufacturing
Assembly
Distribution
End customer
No 
Integration
Backward 
Integration
Forward 
Integration
Total 
Integration  
Figure 2.4: Different types of vertical integration 
(Source: http://www.quickmba.com/strategy/vertical-integration/) 
 
Due to the high profitability and complex nature of the industry, oil companies, 
such as ExxonMobil, ConocoPhillips, Royal Dutch Shell, BP and Petronas have 
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often adopted a vertically integrated structure. Thus, these companies are able 
to control the entire supply chain from location surveying, crude oil drilling and 
extraction, worldwide transportation, product (i.e. petrol and gasoline) refinement, 
to the final retail distribution (Chima, 2007). 
 
2.2 Supply Chain Management 
Supply chain management is known as the decision making concluded from the 
flow of information, products and funds, which contains the phases of design, 
planning and operation (Chopra and Meindl, 2013). The purpose of supply chain 
management is to minimise costs and / or improve efficiency. This involves the 
coordination of system management, sourcing, scheduling, transportation, 
inventory and customer service within the entire supply chain (Cooke, 1997).  
 
Figure 2.5 shows a general view of supply chain management with the material 
flow and the information flow. Through business-to-business (B2B, trades 
between businesses) data capture points, the information is transmitted between 
the upstream and downstream companies. The collected information is used for 
the planning function within each individual company. At the same time, each 
company has its own suppliers (sources), manufacturers (makers), and 
distributors (which deliver). Thus, these companies (i.e. Company A through to 
Company C) are inter-related. The goods (materials) and information passing 
through them from the phase of planning, to producing, and finally to returning, 
in which the materials and products are recycled and re-used, are comprised 
appropriately (Bertsekas, 1998). 
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Figure 2.5: Supply chain management setup with product and information flows 
 (Senneset, Forås, and Fremme, 2007) 
 
2.3 Supply Chain Management through Modelling 
Previously, the supply chain management literature has focused on intra-chain 
subjects (i.e. competition between the companies within the supply chain). Cost 
has been used as the main metric for performance in supply chain modelling. 
Other metrics, such as customer responsiveness and flexibility, have also been 
discussed. Table 2.1 by Beamon (1998) summarizes some major performance 
measures in supply chain modelling. 
 
 
 
 
 
 
DELIVER 
COMPANY A 
DELIVER 
COMPANY B 
DELIVER 
COMPANY C 
B2B  
DATA CAPTURE POINT 
B2B INFORMATION FLOW 
MAKE SOURCE MAKE MAKE SOURCE SOURCE 
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Table 2.1: Performance measures in supply chain modelling (Beamon, 1998) 
Basis Performance Measure Author(s) 
Cost Minimise cost Camm, et. al. (1997) 
Lee, et. al. (1997) 
Lee and Feizinger (1995) 
Tzafestas and Kapsiotis 
(1994) 
Pyke and Cohen (1994) 
Pkye and Cohen (1993) 
Lee, et. al. (1993) 
Svoronos and Zipkin (1991) 
Cohen and Moon (1990) 
Cohen and Lee (1988) 
Ishii, et. al. (1988) 
Williams (1983) 
Williams (1981) 
Minimise average inventory 
levels 
Altiok and Ranjan (1995) 
Towill and Del Vecchio 
(1994) 
Maximise profit Cohen and Lee (1989) 
Minimise amount of obsolete 
inventory 
Ishii, et. al. (1988) 
Customer 
Responsiveness 
Achieve target service level (fill 
rate) 
Lee and Billington (1993) 
Lee, et. al. (1993) 
Towill and Del Vecchio 
(1994) 
Minimise stock out probability Altiok and Ranjan (1995) 
Ishii, et. al. (1988) 
Cost and 
Customer 
Responsiveness 
Minimise product demand 
variance or demand 
amplification 
Newhart, et. al. (1993) 
Towill, et. al. (1992) 
Towill (1991) 
Wikner, et. al. (1991) 
Maximise buyer-supplier benefit Christy and Grout (1994) 
Cost and 
Activity Time 
Minimise the number of activity 
days and total cost 
Arntzen, et. al. (1995) 
Flexibility Maximise available system 
capacity 
Voudouris (1996) 
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Today, people recognise that for supply chain management, it is no longer a 
question of the competition between one company and another company, but 
more an entire supply chain versus another entire supply chain. Zhang (2006) 
looked into the concept of supply chain economy, which can be referred to as “a 
network of business agents and their activities involved in the production, 
distribution, vendition, and consumption of one or many related products”. He 
proposed a framework for comparing one supply chain versus another supply 
chain from a macroscopic perspective, which considers business network 
topology and the costs of operation links. The framework is able to identify the 
supply chain agent that gives a viable supply chain, and forecasts the outcome 
of delivering to the end market (Zhang, 2006). 
 
Over the years, economic purpose (minimum cost and maximum profit) has 
been the main object of most supply chain studies, since this is an important 
factor for companies’ existence. In 2007, You and Grossmann used multi-period 
mixed integer non-linear programming in the design and planning of a process 
supply chain network. In order to maximise the profit (shown as the net present 
value) and minimise the lead time, a quantitative approach is presented for 
profitability and responsiveness to help make decisions regarding long-term 
strategies with short-term operations.  
 
Nagurney, Woolley and Qiang (2010) developed a system-optimisation 
perspective for supply chain network integration (horizontal merger) to determine 
the measure for quantifying and accessing the synergy benefits of the 
acquisitions. Through comparing the cost of the economic activities 
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(manufacturing, distribution and storage) of single and multiple products without 
competitive production, the authors identified the potential gains (synergy) and 
the optimal product flows and prices. This is shown in Figure 2.6, using a 
manufacturing plant for Firm A (𝑀𝐴) and Firm B (𝑀𝐵) and Distribution of Firm A 
(𝐷𝐴) and Firm B (𝐷𝐵) as an example. In separate piece of work, Nagurney 
(2010a; 2010b) extended her system-optimisation perspective for supply chain 
network integration (horizontal merger) to model a supply chain network design 
problem for the competitive production, storage and distribution of a 
homogeneous product to multiple demand markets, with profit-maximisation as 
the objective. 
 
 
Figure 2.6: Modelling concept of horizontal merger 
(Nagurney, 2010a) 
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2.4 Biofuel Supply Chain 
2.4.1 Introduction 
Biofuel is fuel derived from biomass feedstock, such as wheat or corn stover. 
According to Perlack et al. (2005) and Alex et al. (2012), from an economic point 
of view, an increase in biofuel production will help to reduce oil imports, support 
agriculture and forestry growth, and foster a domestic bio-refinery industry. Most 
importantly, the use of biofuel can help to reduce the greenhouse gases emitted 
into the environment. As such, nations have set targets for biofuel development, 
which will aid advancement in the biofuel supply chain. 
 
To better analyse the biofuel supply chain, it is important to consider each biofuel 
supply chain sub-component such as the biomass storage and distribution 
facility, the biofuel production plant, the main product storage and distribution 
facility and the by-product storage facility in terms of capacity, location (i.e. 
location-allocation) and the technology used for the biofuel production plant. The 
problem of location-allocation is a well-established research area within the field 
of operation research. Melo et al. (2009) conducted an extensive review of the 
role of location models within the supply chain. The authors divided the 
investigation into two objectives: location and supply chain management. There 
are many works addressing the topic of single location layer with single 
commodity, such as Barahona and Jensen’s (1998) plant location with minimum 
inventory; Melkote and Daskin’s (2001) capacitated facility location and network 
design problems, and Sahin and Süral’s (2007) review of hierarchical facility 
location models. With the proper location-allocation consideration in the model 
they mention, maximum profit or minimum cost can be achieved. 
20 
 
 
2.4.2 Biomass Feedstock Transportation 
Defined by Chopra and Meindl (2013), transportation is the process of moving 
goods between locations. According to economist Alfred Weber (1868 – 1958), 
the optimum industrial site is one that minimises the total transportation cost: the 
cost of transferring the raw materials to the plant and the finished goods to the 
market (L’Harmet and Corine, 1998). As such, proper transportation (i.e. 
transportation mode, transportation duration and transportation distance) 
contributes greatly to the success of the supply chain network, as it takes up a 
large portion of the total cost. Bertsekas (1998) stated that the transportation 
network consists of supply and demand points with routes containing 
intermediate points as the connections.  
 
For transporation integration, Taylor and Weck (2006) proposed the concept of 
an integrated transportation system by utilizing a case study of an aircraft 
transportation network for overnight package delivery. The transportation system 
was expanded to vehicle design, network design, and the concurrent operation 
of both designs. Vehicle design takes into account the performance 
characteristics of the vehicle, such as range, capacity and loading etc., while 
network design considers traffic modelling and vehicle allocation. Based on the 
result, the model simulated in the case study gives a minimum of 11% 
improvement in terms of cost. Since the demand of the aircraft network is 
assumed to be fixed, the author suggested that the methodology could be 
extended with probabilistic demand or a demand evoluation over time, which 
could be applicable to future research. 
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2.4.3 Biofuel Production 
There is a large body of literature regarding the choice and optimisation of 
different processes for converting biomass feedstock into biofuel and other 
bio-commodities.  
 
Table 2.2 shows four different generations of biofuel based on feedstock type and 
mode of production. Currently, most biofuel production is still built around the 
first-generation technologies, which utilize biomass food crops as feedstock. 
However, the use of food crops has raised a lot of controversies and poses 
limitations. First, there is a threshold to the biofuel that the first-generation 
technology can produce without threatening food supplies and biodiversity.  
 
In terms of the economic competitiveness between biofuel and traditional fossil 
fuel, first-generation biofuel depends on subsidies and is unable to match 
existing fossil fuels in terms of prices. As for environmental impact, while taking 
emissions from production and transportation into account, the life-cycle 
assessments of the first-generation biofuel frequently approach those of 
traditional fossil fuels (Agence de l’environnement et de la Maîtrise de l’Energie 
(ADEME), 2010). Thus first-generation biofuel produces only limited greenhouse 
gas emission savings compared to traditional fossil fuels.  
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Table 2.2: Different generations of Biofuel 
Generation Feedstock and mode of production 
First 
Relies on food crops giving sugars, starches and oil as feedstock, 
such as rapeseed, cotton, corn, palm etc. The production of biofuel is 
obtained by fermenting sugars or by the transesterification of fatty 
oils. 
Second 
Uses lignocellulosic biomass as feedstock and is produced through 
thermochemical routes or by breaking down cellulose with enzymes 
biofuel.  
Third 
Produced from algae. Algae is produced from photosynthetic 
organisms and grown in water by taking up light, CO2 and other 
nutrients. The algae oil can be used for producing biofuel (alkyl 
esters) 
Fourth 
Either created using petroleum-like hydro-processing, advanced 
bio-chemistry, or revolutionary processes like Joule’s "solar-to-fuel" 
method. 
 
In 2012, the European Commission proposed limiting the amount of food-based 
biofuels that count towards the European Union (EU) 10% target for renewable 
energy in transport (European Commission, 2012). Consequently, research effort 
has been directed towards the development of second-generation biofuels that 
use non-food energy crops (i.e. crops that are grown not for consumption, but for 
producing energy) and biomass waste. The purpose of the second-generation 
biofuel processes is to extend the amount of biofuel that can be 
produced sustainably by using biomass feedstock consisting of residual and 
non-food parts of current crops, such as stems, leaves and husks. These 
biomasses are left behind once the food crop has been extracted. Other crops 
that are not used for food purposes (non-food crops), such as switch 
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grass, grass, jatropha, whole crop maize, miscanthus, and cereals which bear 
little grain, and also industry waste like woodchips, skins, and pulp from fruit 
pressing, etc. (Inderwildi and King, 2009) can also be used. Consequently, 
second-generation biofuel can help solve the problems of first-generation biofuel 
through a larger proportion of fuel supply sustainably, affordability, and greater 
environmental benefits (IEA, 2008; Naik et al., 2009; European Commission, 
2006, 2009; Akgul, Shah, and Papageorgiou, 2012). In the second generation 
biofuel process, the feedstock from the woody or fibrous biomass is extracted; 
the sugars are locked in by lignin, hemicellulose and cellulose. These are 
complex carbohydrates (molecules based on sugar) within the plants.  
 
Although second-generation biofuel production plants are still in the early stages 
of development, they are expected to offer better production performance with 
better environmental indicators, i.e. a reduction in overall emissions and energy 
consumption in the biofuel supply chain (IEA, 2008; Naik et al., 2009; European 
Commission, 2006, 2009; Akgul, Shah, and Papageorgiou, 2012).  
 
For second-generation biofuel, there are currently two main types of biomass 
conversion technologies. They are biochemical conversion and thermochemical 
conversion. These are shown in Figure 2.7 below and will be explained in detail 
in Section 2.4.3.1 and Section 2.4.3.2 (National Renewable Energy Laboratory 
US (NREL), 2009): 
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Figure 2.7: Biorefinery concept 
(Source: http://www.nrel.gov/biomass/biorefinery.html) 
 
2.4.3.1 Biochemical Conversion 
The first type of second-generation biofuel technology is called biochemical 
conversion. It involves four main unit operations: (1) pre-treatment (including 
grinding and milling); (2) hydrolysis; (3) fermentation; and (4) product recovery 
(distillation). The processes are shown in Figure 2.8 (Oklahoma State University, 
2014). 
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Figure 2.8: Schematic of a biochemical cellulosic ethanol production 
process 
 
In the biochemical conversion, the macroscopic and microscopic structures of the 
biomass are firstly broken down via grinding and milling, so that simpler 
hydrocarbon fractions in the complex structure of hemicellulose can be easily 
hydrolysed into monomeric sugars (Mosier et al., 2005). Through pre-treatment, 
the lignin sealant is broken and the crystalline structure of the cellulose is 
distorted, making the cellulose and hemicellulose more accessible to enzymes. 
The hydrolysed sugars are then converted into ethanol in the fermentation step, 
with the fermentation broth being recovered via distillation to recover high yields 
of ethanol. The by-product of this process is lignin, which can be burned as 
a carbon neutral fuel to produce heat and power for the processing plant and 
possibly for surrounding homes and businesses. It can also be used to produce 
synthetic fuels (Folkedahl, 2014) and in other applications such as in the 
production of concrete and antioxidants (Ragauskas et al., 2014). 
There are different variations of biochemical pre-treatment methods: 
Dilute-Sulphuric acid, Organosolv and Soaking in Ethanol and Aqueous 
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Ammonia pre-treatment. The pre-treatment of Dilute-Sulphuric acid uses 
sulphuric acid to fractionate the biomass feedstock (e.g. corn stover and jatropha 
curcas) into cellulose (glucan) and hemicellulose (xylan). The cellulose 
conversion is also referred to as enzymatic digestibility. The greater the 
conversion of hemicellulose in the pre-treatment stage, the easier it is for the 
enzymes to access the cellulose components of the biomass to convert them 
into fermentable sugars.  
 
Organosolvation is a delignification process that uses an organic solvent or its 
aqueous solution (e.g. ethanol, methanol, acetone etc.). The process occurs in 
the presence of catalysts, such as NaOH, to remove lignin and aid the hydrolysis 
of the hemicellulose and cellulose portions. It is believed that lignin is the main 
obstacle in enzymatic hydrolysis (Mooney et al., 1998). Therefore, the 
delignification process is a very promising method for achieving high enzymatic 
digestibility. It increases the accessible surface area and pore volume of the 
lignocellulosic biomass (Zhao, Cheng, and Liu, 2009). The used organic solvent 
is recovered and recycled back into the pre-treatment process. Regarding the 
choice of organic solvent to be used for Organosolvation, investigations have 
shown that a low boiling point alcohol, such as methanol or ethanol, should be 
used, so that the recovery of the solvent by distillation becomes easier due to a 
lower energy requirement (Zhao, Cheng, and Liu, 2009).  
 
Soaking in Ethanol and Aqueous Ammonia pre-treatment is a pre-treatment 
method derived from Soaking in Aqueous Ammonia. It is used for delignification 
pre-treatment in which an aqueous solution of ethanol and ammonia is added to 
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the lignocellulosic feedstock to produce cellulose (glucan) and hemicellulose 
(xylan) (Kim, Nghiem, and Hicks, 2009). Compared to Figure 2.8, Figure 2.9 
shows a more detailed schematic flow of the by-products that are produced 
using biochemical conversion  
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Burner/ Boiler 
Turbogenerator
Recycle
Steam, Electricity Ethanol
 
Figure 2.9: Schematic of the biochemical conversion  
(Yu, Hosseini and Abedpour, 2012) 
 
2.4.3.2 Thermochemical Conversion 
The other second-generation biomass feedstock to biofuel conversion 
technology is thermochemical conversion, which is quite important since almost 
one third of biomass – accounting for the lignin-rich components – is converted 
to ethanol through thermochemical conversion (NREL, 2007).  
 
In thermochemical conversion, the pre-treatment method does not exist, while 
the lignocellulosic biomass is initially vaporised to produce an intermediate 
synthesis gas (syngas), which consists of carbon dioxide and hydrogen. The 
syngas produced by gasification is cooled and condensed to remove acid gases 
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(i.e. 𝐶𝑂2  and 𝐻2𝑆 ), and it is then passed through a fixed-bed 
molybdenum-sulphide catalyst to synthesize alcohols. Finally, the alcohols are 
condensed and undergo distillation to recover the produced biofuel, as shown in 
Figure 2.10 (Foust et al., 2009). The main by-products of the thermochemical 
conversion of lignocellulosic biomass are 𝐶𝑂2 , which is removed from the 
syngas and vented into the atmosphere, as well as the 𝐶3 + alcohols that are 
left from the ethanol recovery, which can be sold as creditable by-products 
(Foust et al., 2009). 
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Figure 2.10: Schematic of the thermochemical process 
(Yu, Hosseini and Abedpour, 2012) 
 
2.4.4 Biofuel Supply Chain Modelling 
In the last decade, biofuel supply chain modelling has focused on profit 
maximisation (Kumaran et al., 2001 and Caputo et al., 2005). Dunnett, Adjiman, 
and Shah (2007; 2008) developed a combined production and logistics model to 
investigate cost-optimal system configurations for a range of technological, 
system scale, biomass supply and ethanol demand distribution scenarios 
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specific to European agricultural land and population densities. Franceschin et 
al., (2008, 2011) addressed the design of the bioethanol supply chain under 
multiple technological options with the help of mixed integer linear programming 
optimisation. Alex et al. (2012) presented a case study on the 
biomass-to-ethanol supply chain in a 9-state region in the Midwestern United 
States to solve a MILP problem considering net present value as the objective.  
 
Research by Gold and Seuring conclude that the main challenges in considering 
supply chain performance lie in the operational parts, such as harvesting, 
collection, storage, pre-treatment, transport and the overall system design. 
Hosseini, Abedpour, and Yu (2012) described the key challenges in biofuel 
supply chain modelling and developed a framework and methodology that takes 
a multi-scale modelling approach to overcoming the respective challenges. 
 
2.5 Government Policy on Biofuel 
2.5.1 UK and EU Government Policy on Biofuel 
According to the International Institute for Sustainable Development report, 
which reviews the costs and benefits of EU biofuel policies, the main subsidy 
programmes supporting the biofuel industries are: (1) market price support; (2) 
tax exemptions; and (3) research and development (R&D) grants (Charles et al., 
2013). 
 
In the past, reduced taxes have often been cited as helping to reduce the price 
of biofuels (relative to fossil fuels) and overcome consumer resistance to their 
use. However, recently, the UK government has followed other EU Member 
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States in moving away from tax incentives towards market based blending 
mandates (Charles and Wooders, 2012). In 2006, Deloitte noted that the UK’s 
tax exemption at that time (£0.23/litre for bioethanol and £0.26/litre for biodiesel) 
was “pale in comparison” to Germany’s 100% tax exemption. A balance of tax 
incentives and obligations was noted as being required to help the development 
of the UK biofuel industry (Charles and Wooders, 2012). However, on April 1 
2010, different rates of fuel duty applied to the sale of UK biofuel ended, except 
for biodiesel from waste cooking oil. Biodiesel, diesel, bioethanol and petrol are 
taxed at the same rate per litre (HM Revenue & Customs (HMRC), 2011). 
 
2.5.2 US Government Policy on Biofuel 
The US began a biofuel policy in the early 1990s. Similar to the UK and the EU, 
the main subsidy programmes supporting the biofuel industries are: (1) market 
price support; (2) tax incentives; and (3) research and development (R&D) 
grants (U.S. Government Printing Office, 2005; 2007). In 2005, tax credit of 
$1.00 per gallon was given to producers of agricultural based biofuel and $0.50 
per gallon was given for used feedstock. However, this tax credit expired in 2009. 
In order to encourage farmers to grow energy crops, the Biomass Crop 
Assistance Programme (BCAP) was created in 2008. This allows the US 
Department of Agriculture (USDA) to match payments of up to $45 per ton, of 
the price to collect, harvest, store and transport eligible material to biomass 
conversion facilities (U.S. Government Printing Office, 2008).  
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As well as the US government policy on biofuel, individual states also provide 
different tax credits, grants and regulations on biofuel (US Department of Energy, 
2011).  
 
2.6 Environmental Impacts 
In recent years, the ‘tide of globalization’ has motivated manufacturing industries 
to meet environmental legislation and regulations posed by 
environmentally-friendly governmental organizations. This has resulted in 
manufacturing firms recognizing the significance of adapting special supply 
chain management practices that will not harm the environment. “A growing 
number of companies have realized that effective supply management is only 
the one side of the coin, with the other being to make SCM environmental 
friendly” ( Govindan and Cheng, 2011). They are increasingly adapting their 
environmental supply chain management practices by considering their impact 
further away from their own facilities, and they even require their suppliers and 
other business partners to follow their “environmental initiatives and agendas” 
( Govindan and Cheng, 2011). Another supply chain management practice that 
is defined by Zsidisin and Siferd (2001), “the set of supply chain management 
policies held, actions taken and relationships formed, in response to concerns 
related to the natural environment with regard to the design, acquisition, 
production, distribution, use, reuse and disposal of the firm’s goods and services” 
(Hagelaar and Vorst, 2002).  
 
By the same token, life cycle analysis is seen as the main tool for the 
management of environmental effects within supply chains. It is a technique for 
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gathering data on environmental care issues, which can be used to restructure 
supply chains to improve the environmental performance (Hagelaar and Vorst, 
2002). To this end, it is essential to incorporate environmental related costs into 
the life cycle analysis because such costs are now part of the ISO 14000 
environmental management standards. Consequently, a life cycle analysis cost 
model is proposed as an improvement towards the life cycle analysis (Fabrycky 
and Blanchard, 1991; Dahlen and Bolmsjo, 1996; Woodward, 1997). Also, 
Kumaran et al., (2001) proposed the concept of life cycle cost analysis, which 
includes eco-costs in the total cost of the products. Ultimately, it aims to reduce 
the total cost with the help of green or eco-friendly alternatives at all stages of 
the life cycle of any product.  
 
2.6.1 Life Cycle Analysis 
Considering the importance of the environmental supply chain management, the 
design of a supply chain needs to take account of all of the environmental 
aspects throughout the life cycle of the manufactured products. 
 
As demonstrated by Kumaran et al. (2001) “Life cycle analysis is a technique for 
assessing the potential environmental aspects associated with a product or 
service, by compiling an inventory of relevant inputs and outputs, evaluating the 
potential environmental impacts associated with these inputs and outputs, and 
interpreting the results of the inventory and impact phases in relation to the 
objectives of the study”. Life cycle analysis has three components: 
 Inventory Analysis: this is the technical process of quantifying all of the 
mass and energy inputs and outputs of the entire life cycle of a product, 
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process or activity, from the extraction of raw materials to the consumption 
and end disposal. 
 Impact Analysis: this is the technical process for determining the effects of 
the “resource requirements and environmental loadings”, associated with 
the inventory analysis phase. The key concept of the impact assessment is 
the establishment of stressors, which connect “resource consumption and 
effluent releases with potential impacts”. Thus a large number of stressors 
signifies a high “degree of impacts and complexity”. 
 Improvement Analysis: this includes the identification of alternative actions 
for improving the environmental impact throughout the whole life cycle of a 
product, process or activity. 
 
The life cycle analysis methodology has been developed to meet the specific 
standards of organizations and institutions that try to integrate environmental 
protection into the product research and development process. 
 
2.6.2 Life Cycle Cost Analysis 
As presented by Kumaran et al. (2001) “the combination of rising inflation, cost 
growth, budget limitations, increased competition, reduction in purchasing power 
etc.” has brought about a need to identify the main sources of cost contributors 
throughout the life cycle analysis of a product, process or activity. The ultimate 
purpose of a life cycle cost analysis is to postulate a structure to evaluate the 
total cost of “designing, producing, using and disposing a product and aims in 
determining a variety of solutions, and via an evaluation model, confirm and 
promote a mode of action that minimises the overall costs”. 
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Some existing noteworthy life cycle cost analysis models include that of Asiedu 
and Gu (1998), who produced a review aiming to analyse utensils that will supply 
cost information to engineers to help to create low cost designs. Many other 
researchers have published life cycle cost analysis models, such as Fabrycky 
and Blanchard (1991), Woodward (1997), and Dahlen and Bolmsjö (1996). 
There are also other versions such as ‘Activity-based costing’ (ABC) models, 
developed by Bras and Emblemsvag (1996) and ‘Total cost assessment’ (TCA) 
models, such as PPRC (1997). However, none of these life cycle cost analysis 
techniques designate any environmental costs through the life cycle of a product, 
process or activity in estimating the total cost. Therefore, there is an urgent need 
to incorporate eco-costs into the life cycle costing methodology (Kumaran et al., 
2001).  
 
2.6.3 Life Cycle Environment Cost Analysis 
The life cycle environmental cost analysis is a model based on the life cycle cost 
analysis. It is ultimately responsible for describing the practicable alternative 
modes for carrying out a low cost and environmentally friendly product, process 
or activity. It eventually “aims to reduce the overall cost with the help of green 
and eco-friendly alternatives in all the stages of a product’s life cycle” (Kumaran 
et al., 2001). The life cycle environment cost analysis model integrates the 
environmental costs into the entire costs of the model’s target. The 
environmental costs, or eco-costs, are specifically described by Kumaran et al. 
(2001), who proposes their breakdown classification as follows: 
 Cost of effluent control 
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 Cost of effluent/waste treatment 
 Cost of waste disposal 
 Cost of implementing Environmental Management Systems (EMS) 
 Cost of eco-taxes 
 Cost of rehabilitation (concerning the instance of environmental incidents) 
 Cost of energy, and 
 Cost savings of recycling and reusing operations 
 
The modelling procedure of a life cycle environment cost analysis is initiated by 
the “selection of a particular product family” and the dismantling of it into 
components. The credentials of the costs of each component are then quantified. 
This is followed by modelling the feasible alternatives that can be executed. 
Various examination techniques are then applied to “ensure the eco-friendly 
nature” of these alternative practices. In order to help define the cost 
relationships associated with each of the eco-cost categories, as presented 
above, a cost breakdown structure of the life cycle environment cost analysis is 
generated. These eco-costs are then “added to the relevant cost categories of 
the other major costs such as research and development, production, operation, 
maintenance and disposal costs”. With the cost breakdown structure being well 
specified, the cost model developed is a hybrid of the life cycle cost analysis 
integrated into the product life cycle environmental assessment. This hybridized 
model is capable of reliably and consistently presenting the “overall product 
requirements as well as individual component requirements” (Kumaran et al., 
2001). This computational mathematical model should be able to be utilized 
whenever it is needed and should therefore be kept simple and coherent. 
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In the past decade, concerns about the environmental components of the supply 
chain have increased. Different modelling techniques, such as life cycle analysis, 
life cycle cost analysis and life cycle environmental cost analysis have been 
developed and improved for different occasions. With such environmental 
effects in mind, research work related to the biofuel supply chain has also started 
to shift towards the assessment of economic costs versus environmental 
impacts, and has even considered that the environmental impacts should be 
quantifiable to show the impact on the entire supply chain. Work by Akgul et al. 
(2012) used a multi-objective, static modelling framework to optimise hybrid first- 
/ second- generation biofuel supply chains in the United Kingdom, focusing on 
the potential Green House Gas (GHG) savings, the impact of carbon tax on the 
chain, and trade-off between economic and environmental objectives in the total 
supply chain cost. Separate work by Akgul et al. (2012) addressed sustainability 
issues such as the use of food crops, the land use requirements of 
second-generation crops and competition for biomass with other sectors for 
biofuel supply chains in the United Kingdom. 
 
To this extent, most of the work done in the past are focusing on either the 
individual processes of the biofuel production or supply chain. There is no work 
considering the combination of both fields together as a while. Thus the 
proposed researched work helps to fill the gap in terms of holistic approach 
towards the supply chain of biofuels. It bridges both the process-centric and 
operation research centric views the current biofuel processes by including 
better treatment of degrees of freedom and considerations from Small and 
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Medium Enterprises (SMEs) viewpoints. The work also allows combinations of 
various models built for specific supply chain stage. This brings more diverse 
applications of the model and better analysis of biofuel supply chain as a whole. 
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CHAPTER 3: RESEARCH METHODOLOGY 
 
3.1 Introduction 
The combination of profit / cost analysis coupled with environmental impact 
exploration has been the centre of investigation for supply chain studies in the 
last 10 years. However, many of the “supply chains” researched are in fact 
components of a generic supply chain. For instance, in the field of biofuel 
supply chains, work has been done on the upstream biomass supply chain from 
the biomass cultivation site to the production plant, while equally much effort 
has been put into the downstream biofuel supply chain, from the production 
plant to the end customer. Due to the complexities of the supply chain network 
in reality, i.e. each company in the main supply chain network has its secondary 
supply chain network, it is almost impossible to investigate a supply chain 
network from the microscopic and macroscopic viewpoints together in great 
detail.  
 
Thus, the aim of this research is to maximise the economic gain and minimise 
the environmental impacts by taking a holistic view of the biofuel supply chain, 
with the help of appropriate presentation methods and optimisation modelling 
techniques. The supply chain model under investigation includes the stages 
from the biomass cultivation site (i.e. biomass feedstock) to the biofuel being 
delivered to customers.  
 
Compared to techniques such as exhaustive modelling and data simulation, an 
optimisation based model is easier to build and is able to represent a research 
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scenario more systematically. By adjusting the corresponding mathematical 
equation(s), a change of scenarios for the investigation can be achieved. 
 
3.2 Problem Statement 
In order to investigate the entire biofuel supply chain, the proposed holistic 
biofuel supply chain model is setup consisting of the following distinct nodes:  
(1) The biomass cultivation sites, where the biomass feedstock is grown and 
harvested. 
(2) The biomass feedstock storage and distribution facilities, where the 
harvested biomass feedstock is stored, processed (if required) and ready to 
be transported to the biofuel production plant. 
(3) The biofuel production plants, where the biomass feedstock is converted 
into biofuel together with the production of by-products. 
(4) The main product (biofuel) storage and distribution facilities, where the 
biofuel is stored and ready to be transported to the customer. 
(5) The by-product storage and distribution facilities, where the by-products are 
stored and ready to be transported to the customer. 
(6) The customers, where the demand for biofuel and the by-products 
originates.   
 
Different types of transportation modes between nodes, as shown in Figure 3.1, 
are also considered in this research. 
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Figure 3.1: Biofuel supply chain under discussion 
 
The following parameters are used in the proposed biofuel supply chain: 
 The candidate points of the biomass cultivation site (first-generation 
biomass feedstock), the biomass feedstock storage and distribution facility, 
the biofuel production plant, the main product storage and distribution 
facility, the by-product storage and distribution facility, and the customers. 
 The biomass feedstock types and the geographical distributions of 
availability. 
 The unit sale price of the produced products (i.e. biofuel and useful 
by-products) and the disposal fee for the waste produced (i.e. 𝐶𝑂2, ash and 
waste water etc.). 
 The fixed and unit variable costs for the biomass storage and distribution, 
as well as for the main product and by-product storage and distribution. 
 The type(s) and availability of transportation modes used. 
 The fixed and unit variable production costs of the biofuel production plant. 
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 The maximum capacities of the biomass storage and distribution facility, 
the main product (biofuel) storage and distribution facility, and the 
by-product storage and distribution facility. 
 The greenhouse gas (GHG) emissions of the biomass storage and 
distribution facility, the biofuel production plant, the main product storage 
and distribution facility, and the by-product storage and distribution facility. 
 Government policies relating to the formation of the biofuel supply chain 
under study, e.g. carbon price floor, taxation and subsidies. 
 
The following optimised results are to be determined: 
 The optimum capacity and location for the biomass storage and distribution 
facility, the main product storage and distribution facility, and the by-product 
storage and distribution facility. 
 The optimum location, capacity and technology type for the biofuel 
production plant. 
 The optimum route for the biofuel supply chain transportation from the 
biomass cultivation sites (biomass feedstock) to the customers (biofuel and 
by-products). 
 Sensitivity analysis of the biofuel supply chain with respect to the changes 
in biomass / biofuel price. 
 
3.3 Research Methodology 
The biofuel supply chain under study is developed using the superstructure 
approach with block representation for each node, as shown in Figure 3.2. 
Under this representation, every node has an input to be converted into an 
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output, which is supported by various auxiliary inputs and also produces various 
auxiliary outputs considered as by-products. For instance, at the stage of 
biofuel production, the biomass is considered as the input while the biofuel 
produced is considered as the output. The utilities such as electricity, water and 
catalysts are considered as auxiliary inputs while Dried Distillers Grains with 
Solubles (𝐷𝐷𝐺𝑆 ), pure 𝐶𝑂2 , greenhouse gases and waste water are the 
auxiliary outputs. These auxiliary outputs can either be sold as useful 
by-products (e.g. 𝐷𝐷𝐺𝑆 , pure 𝐶𝑂2  etc.) or disposed of as waste (e.g. 
greenhouse gases, waste water, ash etc.). 
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Figure 3.2: Supply chain block representation 
 
For the biofuel supply chain modelling, the following assumptions are made: 
 All biofuel demands by the customers must be fulfilled within the same time 
period, e.g. one month. 
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 Only the amount of biomass feedstock used for the biofuel production is 
included in the biofuel production plant cost calculation. That which is 
stored in the biomass warehouse incurs storage costs. 
 Only biofuel / by-products shipped to the customers are included in the 
profit calculation. Those stored in the product warehouse incur storage 
costs. 
 Greenhouse Gases are measured in the form of emitted carbon dioxide 
(𝐶𝑂2), methane (𝐶𝐻4) and nitrous oxide (𝑁2𝑂). All of the measurements are 
then quantified and converted into 𝐶𝑂2 equivalents. 
 The variable costs for various nodes, i.e. the biomass storage and 
distribution facility, the biofuel production plant, the main product storage 
and distribution facility, and the by-product storage and distribution facility, 
are assumed to have a linear dependency on the respective quantities. 
 A list of candidate points is allocated for each of the biomass cultivation 
sites (first-generation biofuel), the biomass storage and distribution facility, 
the biofuel production plant, the main product storage and distribution 
facility, and the by-product storage and distribution facility node. 
 The minimum volumes for the biomass storage and distribution facility, the 
biofuel production plant, the main product storage and distribution facility, 
and the by-product storage and distribution facility are assured if the 
candidate point is selected. 
 
3.3.1 Biomass Cultivation Site 
In order for the biofuel supply chain to be efficient, the type and quantity of the 
biomass feedstock, as well as the accessibility of the arable land, will need to be 
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considered. For first-generation biofuel, the site(s) will be used for biomass 
cultivation as biomass feedstock are grown from food crops. For 
second-generation biofuel, the site(s) will be used to provide 
residual non-food parts of current crops for biomass feedstock. 
 
In order to allocate the suitable site(s) for the biomass feedstock, biomass 
cultivation sites are selected with the following selection principles: 
 The biomass feedstock type, which affects the conversion rate to biofuel. 
 The quantity of biomass feedstock produced from the biomass cultivation 
site, which will affect the cost of transportation and the geographical location 
of the biomass storage and distribution facility and even the biofuel 
production plant. 
 The biomass feedstock growth and harvest duration, which will affect the 
quantity to be stored in the biomass storage and distribution facility and the 
production schedule of the biofuel production plant. 
 Transportation to the possible biomass storage and distribution facility 
location and the biofuel production plant, which will affect the cost of 
transportation and the geographical location of the biomass storage and 
distribution facility and the biofuel production plant. However, this applies to 
first-generation biofuel production only. 
 
Comparing first-generation biofuel and second-generation biofuel production 
from the biomass cultivation site’s perspective, the biomass cultivation site 
selection is possible for first-generation biofuel but not for second generation 
biofuel. For first-generation biofuel production, since a biomass cultivation site is 
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required for non-food energy crop production, it is assumed that these crops are 
grown solely for the purpose of biofuel production. Thus the location of the 
biomass cultivation site will be customised and selected together with the 
biomass storage and distribution facility, the biofuel production plant, the main 
product storage and distribution facility, and the by-product storage and 
distribution facility according to the profit maximisation objective.  
 
However, for second-generation biofuel, the primary purpose of the biomass 
grown is not for biofuel production. The supply of biomass feedstock for biofuel 
production comes from the remains of the crops after harvesting, e.g. corn 
stover. Therefore, biomass cultivation site selection is unlikely as the farmers 
will grow the crops according to their preferences. 
 
3.3.2 Biomass Storage and Distribution 
In this research, possible biomass storage and distribution facilities are listed as 
candidate points before optimisation is performed on the entire biofuel supply 
chain. The biomass storage and distribution facility candidate point understudy 
can either be an existing facility or one that is under planning / construction. The 
selection criteria include: 
 Transportation from the biomass cultivation site and to the biofuel 
production plant, which will affect the cost of transportation and the 
geographical location of the biofuel production plant. 
 The minimum capacity of the biomass storage and distribution facility. If the 
facility is unable to meet the minimum storage requirement, i.e. the quantity 
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of biomass feedstock stored is less than the minimum capacity of the facility, 
it will not be used. 
 The maximum capacity of the biomass storage and distribution facility. 
Biomass storage and distribution facilities of variable sizes (i.e. small and 
large) will be used as candidate points during the model setup. 
 The availability of cheap land, utilities (e.g. power and water) and labour; to 
provide the minimum requirement for the setup of the biomass storage and 
distribution facility. 
 
The centralised distribution network in Figure 3.3 ensures that the biomass 
feedstock is transported directly from the biomass cultivation site (circle) to the 
biofuel production plants (plant) at various locations and is well established in 
practice. Conversely, as shown in Figure 3.4, with a decentralised network, the 
biomass feedstock from the biomass cultivation site is firstly transported to the 
biomass storage and distribution facility (triangles), and then to the biofuel 
production plant. Hence, decentralised networks offer flexibility by applying 
more suitable and economical transportation modes (e.g. bigger vehicles) 
between the biomass storage and distribution facility and the biofuel production 
plants. The introduction of distribution sites also allows for better balancing 
between the dynamics of biomass feedstock production and the requirements 
from the biofuel production plants. Regardless of the type of distribution 
(centralised or decentralised), the cost and environmental impact management 
have to be considered carefully. These are used as key objectives for this case. 
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Figure 3.3: Centralised distribution  
(square – biofuel production plant and circle –biomass cultivation site) 
 
 
 
Figure 3.4: Decentralised distribution  
(square – biofuel production plant, triangle – biomass storage and distribution 
facility and circle –biomass cultivation site) 
 
3.3.3 Product Storage and Distribution 
For the product storage and distribution facility, as the customers will be 
different, it is considered that the main product (i.e. biofuel) will be stored and 
distributed separately from the by-products (e.g. 𝐷𝐷𝐺𝑆 and pure 𝐶𝑂2). The 
candidate points will be shortlisted based on the accessibility to customers, 
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customer distribution, distribution quantity, the availability of cheap land, utilities 
(e.g. power and water) and labour, the minimum and maximum capacity criteria 
etc. Another factor that the biofuel supply chain model will take into 
consideration is a comparison between centralised and decentralised 
distribution networks for the biofuel and the by-products. Traditionally, biofuel 
production plants are located in rural areas as large plots of land are required for 
their setup and these locations also ensure that pollution is kept away from the 
general population. In contrast, the main demand for fuel is located in or in close 
proximity to urban areas where the population density is high. Thus it is 
important to balance the two factors (i.e. the demand and supply of biofuel) as 
the transportation costs and environmental impacts are proportional to the 
distance between the biofuel production plants and the end customer.  
 
Similar to biomass storage and distribution, the concept of centralised and 
decentralised distribution can be applied. In this case, a centralised distribution 
network ensures that the biofuel or by-products produced are transported 
directly from the biofuel production plant (square) to the customers (circles) at 
various locations. As for a decentralised network, the biofuel or by-products 
from the biofuel production plant are firstly transported to the main product or 
by-product storage and distribution facility (triangles), and then to the various 
customers. Again, the introduction of distribution sites allows for better 
balancing between the dynamics of biofuel or by-product production and the 
requirements of the customers. Regardless of the type of distribution 
(centralised or decentralised), the cost and environmental impact management 
must be carefully considered; these are used as key objectives. 
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3.3.4 Biofuel Production Plant 
In terms of the biofuel production plant, suitable geographical location(s) and 
conversion technologies will be evaluated, based on the objectives of maximum 
profit and minimum environmental impact. Again, candidate points will be listed 
based on the following criteria: 
 The availability of land, which is a requirement for the setup of the biofuel 
production plant. 
 The availability of raw materials such as water, energy, methanol, acid, base 
catalysts etc. The candidate locations shortlisted should have the raw 
materials easily available or accessible, as these materials are required for 
the production of the biofuel. 
 Good accessibility for distribution and transportation, which will allow the 
biofuel and by-products to be sent to the storage and distribution facilities 
and / or the customers.  
 A lack of competition in the area. This is essential for the establishment of 
the biofuel production plant if it is to be considered a new industry in that 
particular area. 
 
As for the technology selection, the production of biofuel and by-products from 
the biomass feedstock will be looked at in the form of conversion factors. Since 
this research focuses on the biofuel supply chain as a whole, detailed chemical 
processes within the biofuel production plant and the conversion technologies 
will not be considered. Biochemical conversions and thermochemical 
conversions will be analysed, together with other aspects such as fixed and 
variable costs, environmental impacts, biofuel production plant capacities etc. 
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3.3.5 Government Polices 
Compared to traditional fuel refining technologies, biomass feedstock to biofuel 
technology is still considered immature. Thus government policies play a 
decisive role in shaping biofuel development. In order to better integrate 
government policies into the holistic biofuel supply chain model, taxations and 
incentives are incorporated. Taxations, if any, will be the current petrol taxes 
imposed on the production of fuels. Incentives, if any, are reflected directly on 
either the setup of the biofuel supply chain or the production of fuel via biomass 
feedstock means. Fixed incentives, such as land rental discounts, are reflected 
as fixed incentives in the model. Variable incentives such as utility subsidies in 
the biofuel production plant, are reflected as the variable incentives. 
 
3.3.6 Environment Impact 
In the proposed holistic biofuel supply chain model, the environmental impact is 
measured in the form of greenhouse gases, which are the emitted carbon 
dioxide (𝐶𝑂2), methane (𝐶𝐻4) and nitrous oxide (𝑁2𝑂). All of the measurements 
are then quantified and converted into 𝐶𝑂2 equivalents. The 𝐶𝑂2 equivalents 
are then converted into cost factors representing charges, such as carbon floor 
pricing or environmental levies imposed by the government. Note that this is 
differentiated from the government policies mentioned in Section 3.3.5, which 
represent taxations and subsidies that are not related to the environmental 
factors. 
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CHAPTER 4: BIOFUEL SUPPLY CHAIN MODEL SETUP  
 
4.1 Introduction 
To better analyse the holistic biofuel supply chain under study and investigate 
the methodology described in Chapter 3, a mixed integer linear programming 
(MILP) model is setup. It is used to demonstrate the effects of maximising the 
economic gain as well as minimising the environmental impacts, with the help 
of appropriate presentation methods and optimisation techniques. Integer 
variables are used in the model to carry out the selection on the geographic 
location(s) of the biomass and the product storage and distribution facilities as 
well as the biofuel production plants. 
 
The MILP model is broken down into various biofuel supply chain 
sub-components (shown in Figure 3.1), including:  
 The biomass cultivation sites 
 The biomass feedstock storage and distribution facilities 
 The biofuel production plants 
 The main product (biofuel) storage and distribution facilities 
 The by-product storage and distribution facilities 
 The customers  
 
To demonstrate the setup of the model systematically, the following sections 
will be presented: 
 The objective function, which is the net present value (NPV) of the biofuel 
supply chain; 
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 Income, which is based on the amount of biofuel and by-products sold to 
the customers from the main product (biofuel) storage and distribution 
facility and the by-product storage and distribution facility; 
 Cost, which is made up of the fixed and variable costs of the biomass 
storage and distribution facility; biofuel production plant, the main product 
(biofuel) storage and distribution facility and the by-product storage and 
distribution facility; 
 Government policies, which relate to the taxations taken and incentives 
given by the government; 
 Environmental impacts, which look at the greenhouse gas emissions within 
the biofuel supply chain; 
 The constraints, which include the conversion factors for biomass feedstock 
to biofuel at the biofuel production plant, capacity constraints for the 
biomass storage and distribution facilities, the biofuel production plants, the 
main product and by-product storage and the distribution facilities and the 
demands by the customers. 
 
In order to formulate the given problem in the discrete time frame, which is 
unchanged throughout each non-zero time period, 𝑇 is denoted as the entire 
time horizon and 𝑡 is denoted as the time period within the horizon. Thus all of 
the biofuel supply chain sub-components are considered in the same time 
period. 
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4.2 Objective Function of the Biofuel Supply Chain 
Objective Function Nomenclature 
𝐸𝐶𝐵𝑃𝑞,𝑡 Environmental costs for the by-product storage and distribution facility 
𝑞 at time 𝑡 ($) 
𝐸𝐶𝐵𝑆ℎ,𝑡 Environmental costs for the biomass feedstock storage and 
distribution facility ℎ at time 𝑡 ($) 
𝐸𝐶𝑀𝑃𝑝,𝑡 Environmental costs for the biofuel storage and distribution facility 𝑝 
at time 𝑡 ($) 
𝐸𝐶𝑃𝑘,𝑡 Environmental costs for the biofuel production plant 𝑘 at time 𝑡 ($) 
𝐹𝐶𝐵𝑃𝑞,𝑡 Fixed costs for the by-product storage and distribution facility 𝑞 at 
time 𝑡 ($) 
𝐹𝐶𝐵𝑆ℎ,𝑡 Fixed costs for the biomass feedstock storage and distribution facility 
ℎ at time 𝑡 ($) 
𝐹𝐶𝑀𝑃𝑝,𝑡 Fixed costs for the biofuel storage and distribution facility 𝑝 at time 𝑡 
($) 
𝐹𝐶𝑃𝑘,𝑡 Fixed costs for the biofuel production plant 𝑘 at time 𝑡 ($) 
𝐼𝐵𝑃𝑞,𝑡 Income for the by-product storage and distribution facility 𝑞 at time 𝑡 
($) 
𝐼𝐵𝑆ℎ,𝑡 Income for the biomass feedstock storage and distribution facility ℎ 
at time 𝑡 ($) 
𝐼𝑀𝑃𝑝,𝑡 Income for the biofuel storage and distribution facility 𝑝 at time 𝑡 ($) 
𝐼𝑃𝑘,𝑡 Income for the biofuel production plant 𝑘 at time 𝑡 ($) 
𝑃𝐴𝐵𝑃𝑞,𝑡 Profit after tax for the by-product storage and distribution facility 𝑞 at 
time 𝑡 ($) 
𝑃𝐴𝐵𝑆ℎ,𝑡 Profit after tax for the biomass feedstock storage and distribution 
facility ℎ at time 𝑡 ($) 
𝑃𝐴𝑀𝑃𝑝,𝑡 Profit after tax for the biofuel storage and distribution facility 𝑝 at time 
𝑡 ($) 
𝑃𝐴𝑃𝑘.𝑡 Profit after tax for the biofuel production plant 𝑘 at time 𝑡 ($) 
𝑃𝐵𝐵𝑃𝑞,𝑡 Profit before tax for the by-product storage and distribution facility 𝑞 
at time 𝑡 ($) 
𝑃𝐵𝐵𝑆ℎ,𝑡 Profit before tax for the biomass feedstock storage and distribution 
facility ℎ at time 𝑡 ($) 
𝑃𝐵𝑀𝑃𝑝,𝑡 Profit before tax for the biofuel storage and distribution facility 𝑝 at 
time 𝑡 ($) 
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Objective Function Nomenclature 
𝑃𝐵𝑃𝑘,𝑡 Profit before tax for the biofuel production plant 𝑘 at time 𝑡 ($) 
𝑆𝐵𝑃𝑞,𝑡 Subsidy for the by-product storage and distribution facility 𝑞 at time 𝑡 
($) 
𝑆𝐵𝑆ℎ,𝑡 Subsidy for the biomass feedstock storage and distribution facility ℎ 
at time 𝑡 ($) 
𝑆𝑀𝑃𝑝,𝑡 Subsidy for the biofuel storage and distribution facility 𝑝 at time 𝑡 
𝑆𝑃𝑘,𝑡 Subsidy for the biofuel production plant 𝑘 at time 𝑡 ($) 
𝑇𝐵𝑃𝑞,𝑡 Taxation for the by-product storage and distribution facility 𝑞 at time 
𝑡 ($) 
𝑇𝐵𝑆ℎ,𝑡 Taxation for the biomass feedstock storage and distribution facility ℎ 
at time 𝑡 ($) 
𝑇𝑀𝑃𝑝,𝑡 Taxation for the biofuel storage and distribution facility 𝑝 at time 𝑡 
($) 
𝑇𝑃𝑘,𝑡 Taxation for the biofuel production plant 𝑘 at time 𝑡 ($) 
𝑉𝐶𝐵𝑃𝑞,𝑡 Variable costs for the by-product storage and distribution facility 𝑞 at 
time 𝑡 ($) 
𝑉𝐶𝐵𝑆ℎ,𝑡 Variable costs for the biomass feedstock storage and distribution 
facility ℎ at time 𝑡 ($) 
𝑉𝐶𝑀𝑃𝑝,𝑡 Variable costs for the biofuel storage and distribution facility 𝑝 at time 
𝑡 ($) 
𝑉𝐶𝑃𝑘,𝑡 Variable costs for the biofuel production plant 𝑘 at time 𝑡 ($) 
 
The optimisation objective of this research is to maximise the entire biofuel 
supply chain’s net present value (NPV), which is the objective function 𝑧. Net 
present value is an indicator of how much value an investment or project adds 
to the firm with respect to time (i.e. time value of money). Thus NPV is more 
appropriate for long-term projects where a long period of time is involved, 
compared to other possible objectives such as profit, where the time value of 
money is not considered, and return on investment, where only efficiency is 
considered. 
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The six biofuel supply chain sub-components are assigned with the 
nomenclatures: 
 𝑠 : Biomass cultivation sites 
 ℎ : Biomass feedstock storage and distribution facilities 
 𝑘 : Biofuel production plants 
 𝑝 : Main product (biofuel) storage and distribution facilities 
 𝑞 : By-product storage and distribution facilities 
 𝑐 : Customers 
 
The objective function 𝑧 is calculated as:  
 
𝑧 = ∑ [(∑ 𝑃𝐴𝐵𝑆ℎ,𝑡ℎ∈𝐻 ) + (∑ 𝑃𝐴𝑃𝑘,𝑡𝑘∈𝐾 ) + (∑ 𝑃𝐴𝑀𝑃𝑝,𝑡𝑝∈𝑃 ) +𝑡∈𝑇
(∑ 𝑃𝐴𝐵𝑃𝑞,𝑡𝑞∈𝑄 )] × 𝑑𝑓𝑡    (1)   
 
where  
𝑑𝑓𝑡 = (
1
1 + 𝑟⁄ )
𝑡
  (2)  
 
The profits after tax for each of the biofuel supply chain sub-components are:  
 Biomass feedstock storage and distribution facility 𝑃𝐴𝐵𝑆ℎ,𝑡,  
 Biofuel production plant 𝑃𝐴𝑃𝑘,𝑡,  
 Main product storage and distribution facility 𝑃𝐴𝑀𝑃𝑝,𝑡  
 By-product storage and distribution facility 𝑃𝐴𝐵𝑃𝑞,𝑡.  
 
Since the present value of future cash flow is determined, the discount factor 
𝑑𝑓𝑡 needs to be considered in the objective function 𝑧. From (1), 𝑟 represents 
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the interest rate, which fluctuates over time. The profit after tax for each 
sub-component is determined by removing the associated taxation amount and 
adding the subsidy amount to the profit before tax: 
 
𝑃𝐴𝐵𝑆ℎ,𝑡 = 𝑃𝐵𝐵𝑆ℎ,𝑡 − 𝑇𝐵𝑆ℎ,𝑡 + 𝑆𝐵𝑆ℎ,𝑡 (3)   
𝑃𝐴𝑃𝑘,𝑡 = 𝑃𝐵𝑃𝑘,𝑡 − 𝑇𝑃𝑘,𝑡 + 𝑆𝑃𝑘,𝑡 (4)   
𝑃𝐴𝑀𝑃𝑝,𝑡 = 𝑃𝐵𝑀𝑃𝑝,𝑡 − 𝑇𝑀𝑃𝑝,𝑡 + 𝑆𝑀𝑃𝑝,𝑡 (5)   
𝑃𝐴𝐵𝑃𝑞,𝑡 = 𝑃𝐵𝐵𝑃𝑞,𝑡 − 𝑇𝐵𝑃𝑞,𝑡 + 𝑆𝐵𝑃𝑞,𝑡 (6)   
 
The taxation for the biofuel supply chain sub-components is as follows: 
 Biomass feedstock storage and distribution facility 𝑇𝐵𝑆ℎ,𝑡,  
 Biofuel production plants 𝑇𝑃𝑘,𝑡,  
 Main product storage and distribution facility 𝑇𝑀𝑃𝑝,𝑡,   
 By-product storage and distribution facility 𝑇𝐵𝑃𝑞,𝑡. 
 
The subsidies for the biofuel supply chain sub-components are as follows: 
 Biomass feedstock storage and distribution facility 𝑆𝐵𝑆ℎ,𝑡,  
 Biofuel production plant 𝑆𝑃𝑘,𝑡,  
 Main product storage and distribution facility 𝑆𝑀𝑃𝑝,𝑡, 
 By-product storage and distribution facility 𝑆𝐵𝑃𝑞,𝑡. 
 
The profits before tax for the biofuel supply chain sub-components are as 
follows: 
 Biomass feedstock storage and distribution facility 𝑃𝐵𝐵𝑆ℎ,𝑡 
 Biofuel production plant 𝑃𝐵𝑃𝑘,𝑡, 
57 
 
 
 Main product storage and distribution facility 𝑃𝐵𝑀𝑃𝑝,𝑡,  
 By-product storage and distribution facility 𝑃𝐵𝐵𝑃𝑞,𝑡. 
 
The taxation and subsidy terms in the equations ensure that any biofuel policies 
regulated by the government are reflected accurately in the biofuel supply chain 
framework under study.  
 
4.3 Biofuel Supply Chain Income 
Income Nomenclatures 
𝑎𝑖 Unit selling price for biomass feedstock type 𝑖 at the biomass 
storage and distribution facility ($/t) 
𝑏𝑖 Unit selling price for biomass feedstock type 𝑖 at the biomass 
cultivation site ($/t) 
𝑐𝑗 Unit selling price for biofuel type 𝑗 at the biofuel production plant 
($/t) 
𝐶𝐵𝑃𝑙,𝑘,𝑞,𝑡 Amount of by-product type 𝑙 shipped from the biofuel production 
plant 𝑘 to the by-product storage and distribution facility 𝑞 at time 
𝑡 (t) 
𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡 Amount of by-product type 𝑙 shipped from the by-product storage 
and distribution facility 𝑞 to the customer 𝑐 at time 𝑡 (t) 
𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡 Amount of biomass feedstock type 𝑖 shipped from the biomass 
storage and distribution facility ℎ to the biofuel production plant 𝑘 
at time 𝑡 (t) 
𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡 Amount of biofuel type 𝑗 shipped from the biofuel production plant 
𝑘 to the biofuel storage and distribution facility 𝑝 at time 𝑡 (t) 
𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡 Amount of biofuel type 𝑗 shipped from the biofuel storage and 
distribution facility 𝑝 to the customer 𝑐 at time 𝑡 (t) 
𝑑𝑙 Unit selling price for by-product type 𝑙 at the biofuel production 
plant ($/t) 
𝑚𝑗 Unit selling price for biofuel type 𝑗 at the biofuel storage and 
distribution facility ($/t) 
𝑛𝑙 Unit selling price for by-product type 𝑙 at the by-product storage 
and distribution facility ($/t) 
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The profit before tax for each of the sub-components is determined from the 
income, less the fixed costs, variable costs and environmental levy: 
 
𝑃𝐵𝐵𝑆ℎ,𝑡 = 𝐼𝐵𝑆ℎ,𝑡 − 𝐹𝐶𝐵𝑆ℎ,𝑡 − 𝑉𝐶𝐵𝑆ℎ,𝑡 − 𝐸𝐶𝐵𝑆ℎ,𝑡 (7)   
𝑃𝐵𝑃𝑘,𝑡 = 𝐼𝑃𝑘,𝑡 − 𝐹𝐶𝑃𝑘,𝑡 − 𝑉𝐶𝑃𝑘,𝑡 − 𝐸𝐶𝑃𝑘,𝑡 (8)   
𝑃𝐵𝑀𝑃𝑝,𝑡 = 𝐼𝑀𝑃𝑝,𝑡 − 𝐹𝐶𝑀𝑃𝑝,𝑡 − 𝑉𝐶𝑀𝑃𝑝,𝑡 − 𝐸𝐶𝑀𝑃𝑝,𝑡 (9)   
𝑃𝐵𝐵𝑃𝑞,𝑡 = 𝐼𝐵𝑃𝑞,𝑡 − 𝐹𝐶𝐵𝑃𝑞,𝑡 − 𝑉𝐶𝐵𝑃𝑞,𝑡 − 𝐸𝐶𝐵𝑃𝑞,𝑡 (10)   
 
The income from each of the biofuel supply chain sub-components is listed 
below: 
 Biomass feedstock storage and distribution facility 𝐼𝐵𝑆ℎ,𝑡,  
 Biofuel production plant 𝐼𝑃𝑘,𝑡,  
 Main product storage and distribution facility 𝐼𝑀𝑃𝑝,𝑡, 
 By-product storage and distribution facility 𝐼𝐵𝑃𝑞,𝑡. 
 
Since income is generated by the sale of the product, only products that are 
sold brings in income. If the product is disposed, negative income will be used 
to indicate as cost. The details will be explained in each subsections below. 
 
The fixed cost for the biofuel supply chain sub-component represents the 
capital investment required for the establishment of the facilities needed for the 
particular sub-component to be operational. The amount of the capital 
investment is assumed to be uniform throughout the life span of the 
sub-component: 
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 Fixed cost for the biomass feedstock storage and distribution facility 
𝐹𝐶𝐵𝑆ℎ,𝑡,  
 Fixed cost for the biomass production plant 𝐹𝐶𝑃𝑘,𝑡,  
 Fixed cost for the main product storage and distribution facility 𝐹𝐶𝑀𝑃𝑝,𝑡, 
 Fixed cost for the by-product storage and distribution facility 𝐹𝐶𝐵𝑃𝑞,𝑡. 
 
The variable costs are operational costs that depend on the amount of biomass 
feedstock harvested; the amount of biofuel produced from the biomass 
feedstock; and the amount of biofuel and by-products stored and transported at 
the facilities. Each of the biofuel supply chain sub-component costs will be 
further detailed in Section 4.5: 
 Variable costs for the biomass feedstock storage and distribution facility 
𝑉𝐶𝐵𝑆ℎ,𝑡,  
 Variable costs for the biofuel production plant 𝑉𝐶𝑃𝑘,𝑡,  
 Variable costs for main product storage and distribution facility 𝑉𝐶𝑀𝑃𝑝,𝑡 , 
 Variable costs for the by-product storage and distribution facility 𝑉𝐶𝐵𝑃𝑞,𝑡 , 
 
The environmental levy charge arises from the excess environmental impacts 
generated by each of the sub-components of the biofuel supply chain: 
 Environmental levy for the biomass feedstock storage and distribution 
facility 𝐸𝐶𝐵𝑆ℎ,𝑡,  
 Environmental levy for the biofuel production plant 𝐸𝐶𝑃𝑘,𝑡,  
 Environmental levy for the main product storage and distribution facility 
𝐸𝐶𝑀𝑃𝑝,𝑡,  
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 Environmental levy for the by-product storage and distribution facility 
𝐸𝐶𝐵𝑃𝑞,𝑡. 
 
In this research, the income for each biofuel supply chain sub-component is 
considered in terms of: 
 The biomass storage and distribution facility ℎ 
 The biofuel production plant 𝑘 
 The main product (i.e. biofuel) storage and distribution facility 𝑝 
 The by-product storage and distribution facility 𝑞 
 
Based on the discussion in Figure 2.4 (Different types of vertical integration) on 
vertical integration, the biofuel supply chain framework under study can be 
classified into one of the three scenarios: 
 No integration, where the sub-components within the biofuel supply chain 
are independent of each other (i.e. all of the sub-components are owned or 
managed by different companies); 
 Backward / Forward integration, where two or more of the sub-components 
within the biofuel supply chain are owned or managed by the same 
company; 
 Full integration, where the entire biofuel supply chain is owned or managed 
by one company. 
 
Under the first scenario, all of the biofuel supply chain sub-components are 
owned or managed by different companies. Thus the ownership of the biomass 
feedstock changes as it moves from the biomass cultivation site to the biomass 
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storage and distribution facility and from the biomass storage and distribution 
facility to the biofuel production plant. This also applies to the biofuel and 
by-products, when they move from the biofuel production plant to the biofuel 
and by-product storage and distribution facility. As a result, the income for the 
sub-component will not be zero as the biomass feedstock, biofuel and 
by-products are constantly being bought and sold as they move down the 
biofuel supply chain. This can be seen in Figure 4.1 below. 
 
Figure 4.1: Biofuel supply chain for the first scenario 
 
For the second scenario, part of the biofuel supply chain is owned or managed 
by the same company (e.g. a biofuel company that owns or manages the 
biofuel production plant and the biofuel and by-product storage and distribution 
facilities) or outsourced to third-party logistics (3PLs). In this case, the income 
for the independent company within the biofuel supply chain (biomass storage 
and distribution facility in Figure 4.2) will be considered as a change of 
ownership takes place. Thus the income will not be zero. However, the income 
between the sub-components managed by the same company will be zero. 
This is because the ownership of the product still remains within the same 
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company (i.e. there is no change of ownership). Thus the profit before tax for 
the related sub-components (i.e. the biofuel production plant) will be negative 
and will turn into a cost because the income for the biofuel production is zero in 
this case. This is shown in Figure 4.2 below: 
 
 
Figure 4.2: Biofuel supply chain for the second scenario 
 
For the third scenario, the biomass storage and distribution facility, the biofuel 
production plant, the biofuel storage and distribution facility and the by-product 
storage and distribution facility are either owned or managed by the biofuel 
company or outsourced to third-party logistics (TPLs). In this case, the income 
for all of these sub-components will be zero as there is no change of ownership 
from the biomass storage and distribution facility. The ownership will only 
change when the biofuel and by-products are delivered to the customer. Thus 
the profit before tax will be for the biomass storage and distribution facility and 
the biofuel production plant will be negative and turn into a cost. This is shown 
in Figure 4.3: 
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Figure 4.3: Biofuel supply chain for the third scenario 
 
For the purpose of the biofuel supply chain framework, the third scenario (Figure 
4.3) will be used as this is the most common scenario in the fuel industry due to 
the complexity of fuel production. 
 
4.3.1 Income for the Biomass Storage and Distribution Facility 
For the biomass storage and distribution facility ℎ, the amount and type of 
biomass feedstock produced from a specific biomass cultivation site is 
considered using the unit selling price of the biomass feedstock. Under the 3rd 
scenario described above, since the biomass storage and distribution facility is 
owned or managed by the biofuel company, the unit selling price of the biomass 
feedstock at the biomass storage and distribution facility will be zero. This is 
because there is no change of ownership when the biomass feedstock is 
transported from the biomass storage and distribution facility to the biofuel 
production plant. However, the unit selling price of the biomass feedstock at the 
biomass cultivation site will not be zero. This is because the biomass feedstock 
is sold by the biomass cultivation site (i.e. independent farmers who grow the 
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biomass feedstock) to the biofuel company. This indicates that there is a change 
of ownership for the biomass feedstock. Overall, the income will become 
negative, indicating the cost of purchasing the biomass feedstock from the 
biomass cultivation site. 
 
At this biofuel supply chain sub-component, only 𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡, the amount of 
biomass feedstock type 𝑖 shipped from the biomass storage and distribution 
facility ℎ  to the biofuel production plant 𝑘  at time 𝑡  is considered in the 
biomass storage and distribution facility income 𝐼𝐵𝑆ℎ,𝑡 calculation, together with 
the unit selling price for the biomass storage and distribution facility 𝑎𝑖 and the 
unit selling price for the biomass cultivation site 𝑏𝑖 . Under the considered 
scenario, 𝑎𝑖 will be zero, making 𝐼𝐵𝑆ℎ,𝑡  negative and thus transforming the 
equation from an income statement to a cost statement. This represents the 
purchase cost of the biomass feedstock by the biofuel company: 
 
𝐼𝐵𝑆ℎ,𝑡 = ∑ ∑ [𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡  × (𝑎𝑖 − 𝑏𝑖)]𝑘∈𝐾𝑖∈𝐼   (11)   
 
4.3.2 Income for the Biofuel Production Plant 
For the biofuel production plant, its income is generated from the sale of the 
main product (i.e. biofuel) and the by-products. Thus both sources of income 
will be considered. However, if there is a cost associated with the disposal of a 
particular by-product (e.g. waste), that by-product will be considered as creating 
a cost rather than an income. 
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Since the biofuel production plant is owned by the biofuel company, the unit 
selling price of the biofuel type at the biofuel production plant will be considered 
zero as there is no change of ownership when the biofuel is transported from 
the biofuel production plant to the biofuel storage and distribution facility. 
Likewise for the by-product, the unit selling price of the by-product at the biofuel 
production plant will be zero as there is no change of ownership for the 
by-product when it is transported from the biofuel production plant to the 
by-product storage and distribution facility. 
 
𝐼𝑃𝑘,𝑡 income for biofuel production plant 𝑘 at time 𝑡 is calculated by adding up 
the amount of biofuel and by-products sold with the unit selling price of each of 
them. 𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡  represents the amount of biofuel type 𝑗 shipped from the 
biofuel production plant 𝑘 to the biofuel storage and distribution facility 𝑝 at 
time 𝑡 and 𝑐𝑗 is the unit selling price of biofuel 𝑗 at the biofuel production 
plant. 𝐶𝐵𝑃𝑙,𝑘,𝑝,𝑡 represents the amount of by-product type 𝑙 shipped from the 
biofuel production plant 𝑘 to the by-product storage and distribution facility 𝑞 
at time 𝑡  while 𝑑𝑙  is the unit selling price of by-product 𝑙  at th ebiofuel 
production plant. Under the considered scenario, 𝐼𝑃𝑘,𝑡  will be zero as the 
selling price of both biofuel 𝑐𝑗  and the by-products 𝑑𝑙  are zero, since no 
change of ownership takes place: 
 
𝐼𝑃𝑘,𝑡 = ∑ ∑ (𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡  × 𝑐𝑗)𝑝∈𝑃𝑗∈𝐽 + ∑ ∑ (𝐶𝐵𝑃𝑙,𝑘,𝑞,𝑡  × 𝑑𝑙)𝑞∈𝑄𝑙∈𝐿   (12)   
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4.3.3 Income for the Biofuel Storage and Distribution Facility 
With regard to the income of the biofuel storage and distribution facility, biofuel 
shipped from the biofuel storage and distribution facility to the customer is 
considered along with the unit selling price of the biofuel at the biofuel storage 
and distribution facility. Since there is a change of ownership of the biofuel within 
the biofuel supply chain (from the biofuel company to the customer), the biofuel 
is sold and the income for the biofuel storage and distribution facility is 
considered. This is consistent with the 3rd scenario of full integration explained 
above. 
 
In terms of formulation, only 𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡 amount of biofuel type 𝑗 shipped from 
the biofuel storage and distribution facility 𝑝  to customer 𝑐  at time 𝑡  is 
considered in the income calculation, together with 𝑚𝑗 , the unit selling price for 
biofuel type 𝑗 at the biofuel storage and distribution facility:  
 
𝐼𝑀𝑃𝑝,𝑡 = ∑ ∑ (𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡  × 𝑚𝑗)𝑐∈𝐶𝑗∈𝐽   (13)   
 
4.3.4 Income for the By-product Storage and Distribution Facility 
For the by-product storage and distribution facility, its income is calculated 
based on the amount of a particular by-product shipped from the by-product 
storage and distribution facility to the customer and the unit selling price for that 
particular type of by-product. By-product 𝑙 can be classified into two types: (1) 
sellable by-products such as DDGS and pure CO2; and (2) non-sellable 
by-products such as waste water and ash. If a by-product can be sold to a 
customer for revenue, a positive 𝑛𝑙 unit selling price for by-product type 𝑙 at 
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the by-product storage and distribution facility will be used to indicate that 
income is generated. If the by-product is to be shipped off for disposal, a 
negative 𝑛𝑙 will be used to indicate that the income is a cost rather than a profit 
for the by-product. 
 
In terms of mathematical formulation, 𝐼𝐵𝑃𝑞,𝑡,  the income for the by-product 
storage and distribution facility 𝑞 at time 𝑡 is made up of 𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡, the amount 
of by-product 𝑙  shipped from the storage facility 𝑞 to the customer 𝑐 at time 
𝑡, with 𝑛𝑙 being the unit selling price for by-product type 𝑙 at the by-product 
storage and distribution facility: 
 
𝐼𝐵𝑃𝑞,𝑡 = ∑ ∑ (𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡  × 𝑛𝑙)𝑐∈𝐶𝑙∈𝐿   (14)   
 
4.4 Biomass Cultivation Sites 
In order to provide an abundant supply of biomass feedstock for the biofuel 
supply chain, large and easily accessible quantities of raw materials are required. 
First generation biofuel production relies on food crops giving sugars, starches 
and oils as feedstock. Biofuel is obtained by fermenting the sugars or by the 
transesterification of fatty oils. Thus biomass cultivation sites are important for 
the production of these crops. However, second generation biofuel production 
uses lignocellulosic biomass as feedstock. The biofuel is produced through 
thermochemical routes or by breaking down cellulose with enzymes. This 
technology uses biomass feedstock consisting of residual and non-food parts of 
current crops, which are left behind once the food crop has been extracted, as 
well as other crops that are not used for food purposes (non-food crops) and 
68 
 
 
even industry waste such as wood chips. Thus, a specific biomass cultivation 
site is not required for the production of second generation biofuel.  
 
In this research, the quantity of biomass feedstock type 𝑖  available to be 
transported to the biomass storage and distribution facility ℎ cannot be greater 
than the amount that biomass cultivation site 𝑠 is able to produce in time period 
𝑡. This is to safeguard the validity and consistency of the model setup. In the 
biofuel supply chain model, 𝐵𝐴𝑖,𝑠,𝑡  denotes the total quantity of biomass 
feedstock type 𝑖  available in biomass cultivation site 𝑠  in time frame 𝑡 . 
Regardless of whether the biofuel production is first generation or second 
generation, the quantity of biomass feedstock to be transported to the biomass 
feedstock storage and distribution facility has to be less than or equal to the 
total quantity of biomass feedstock produced: 
 
∑ (𝐶𝐵𝑆𝑖,𝑠,ℎ,𝑡)ℎ∈𝐻 ≤ 𝐵𝐴𝑖,𝑠,𝑡  (15)   
 
4.5 Biofuel Supply Chain Costs 
In this section, the cost elements involved in the following biofuel supply chain 
sub-components are looked at: 
 The biomass storage and distribution facility ℎ 
 The biofuel production plant 𝑘 
 The main product (i.e. biofuel) storage and distribution facility 𝑝 
 The by-product storage and distribution facility 𝑞 
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Various costs within each of the sub-components will be broken down and 
examined mathematically in the sub-sections that follow. Since profit is the 
difference between the income and the cost (i.e.𝑝𝑟𝑜𝑓𝑖𝑡 = 𝑖𝑛𝑐𝑜𝑚𝑒 − 𝑐𝑜𝑠𝑡), when 
there is no income from a particular stage within the biofuel supply chain, profit 
automatically becomes a cost statement (e.g. by-products that is to be 
disposed). 
 
4.5.1 Costs for Biomass Storage and Distribution Facility 
Biomass Storage and Distribution Nomenclature 
𝐵𝑆𝐶ℎ,𝑡 Biomass storage costs for the biomass storage and distribution 
facility ℎ at time 𝑡 ($) 
𝐵𝑇𝐶𝑃ℎ,𝑡 Total transportation cost from the biomass storage and distribution 
facility ℎ to the biofuel production plant at time 𝑡 ($) 
𝐵𝑇𝐶𝑆ℎ,𝑡 Total transportation cost to the biomass storage and distribution 
facility ℎ from the various biomass cultivation sites at time 𝑡 ($) 
𝐶𝐵𝑆𝑖,𝑠,ℎ,𝑡 Biomass quantity for biomass 𝑖 from the biomass cultivation site 𝑠 
to the biomass storage and distribution facility ℎ at time 𝑡 (t) 
𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡 Biomass quantity for biomass feedstock type 𝑖 from the biomass 
storage and distribution facility ℎ to the biofuel production plant 𝑘 
at time 𝑡 (t) 
𝑉𝐶𝐵𝑆ℎ,𝑡 Variable costs for the biomass storage and distribution facility ℎ at 
time 𝑡 ($) 
𝛼ℎ Storage cost per unit quantity biomass feedstock for the biomass 
storage and distribution facility ℎ ($/t) 
𝛽𝑠,ℎ Transportation cost per unit quantity biomass feedstock from the 
biomass cultivation site 𝑠 to the biomass storage and distribution 
facility ℎ ($/t-km) 
𝛾ℎ,𝑘 Transportation cost per unit quantity biomass feedstock from the 
biomass storage and distribution facility ℎ to the biofuel production 
plant 𝑘 ($/t-km) 
𝛿𝑠,ℎ Distance from the biomass cultivation site 𝑠 to the biomass storage 
and distribution facility ℎ (km) 
𝜀ℎ,𝑘 Distance from the biomass storage and distribution facility ℎ to the 
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Biomass Storage and Distribution Nomenclature 
biofuel production plant 𝑘 (km) 
 
As shown in (7) , 𝐹𝐶𝐵𝑆ℎ,𝑡, the fixed cost for the biomass feedstock storage and 
distribution facility ℎ at time 𝑡, represents the capital investment required for the 
establishment of the biomass feedstock storage and distribution facility. The 
amount of the capital investment is assumed to be consistent throughout the life 
span of the biomass storage and distribution facility. 
 
𝑉𝐶𝐵𝑆ℎ,𝑡, the variable costs of the biomass storage and distribution facility ℎ 
account for 𝐵𝑆𝐶ℎ,𝑡, the storage cost for the biomass storage and distribution 
facility ℎ and two transportation cost components: 𝐵𝑇𝐶𝑆ℎ,𝑡 and 𝐵𝑇𝐶𝑃ℎ,𝑡. Here, 
𝐵𝑇𝐶𝑆ℎ,𝑡 is the total transportation cost from the various biomass cultivation sites 
to the biomass storage and distribution facility, and 𝐵𝑇𝐶𝑃ℎ,𝑡 represents the total 
transportation cost from the biomass storage and distribution facility to the 
various biofuel production plants: 
 
𝑉𝐶𝐵𝑆ℎ,𝑡 = 𝐵𝑆𝐶ℎ,𝑡 + 𝐵𝑇𝐶𝑆ℎ,𝑡 + 𝐵𝑇𝐶𝑃ℎ,𝑡 (16)   
 
The total transportation cost from the various biomass cultivation sites to the 
biomass storage and distribution facility and the total transportation cost from 
the biomass storage and distribution facility to the various biofuel production 
plants are separated because different transportation modes can be used for the 
route sectors. For instance, since the quantity of biomass feedstock transported 
from the biomass cultivation site to the biomass storage and distribution facility 
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is larger, a larger capacity vehicle can be used for this section of the 
transportation. A smaller capacity truck can be used to transport the biomass 
feedstock from the biomass storage and distribution facility to the biofuel 
production plant. This can be seen in Figure 4.4: 
 
 
Figure 4.4: Different transportation modes used for biomass transportation 
 
4.5.1.1 Cost for Biomass Storage Component 
To calculate the biofuel storage cost within the biofuel storage and distribution 
facility, the difference between the quantity of biomass feedstock sent to the 
biomass storage and distribution facility from the biomass cultivation site and the 
quantity of biomass feedstock leaving the biomass storage and distribution 
facility and transported to the biofuel production plant is considered. This 
difference accounts for the quantity of biomass feedstock left within the biomass 
storage and distribution facility. This is then considered together with 𝛼ℎ, the 
storage cost per unit quantity biomass feedstock for the biomass storage and 
distribution facility. In this model, the storage cost is categorised as a variable 
cost because it depends on the quantity of biomass feedstock left in the biomass 
storage and distribution facility. 
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In terms of mathematical formulation, two quantities of biomass capacities are 
considered: (1) 𝐶𝐵𝑆𝑖,𝑠,ℎ,𝑡,  biomass feedstock type 𝑖  from the biomass 
cultivation site 𝑠 to the biomass storage and distribution facility ℎ at time 𝑡, 
and (2) 𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡, biomass feedstock type 𝑖 from the biomass storage and 
distribution facility ℎ to the biofuel production plant 𝑘 at time 𝑡. This is to show 
the difference (if any) between the amount of biomass sent to biomass storage 
and distribution facility and that sent to the biofuel production plant. Thus the 
difference in the amount of biomass feedstock at the storage and distribution 
facility ℎ, together with 𝛼ℎ, the storage cost per unit quantity biomass feedstock 
for the biomass storage and distribution facility ℎ are evaulated: 
 
𝐵𝑆𝐶ℎ,𝑡 = ∑ (∑ 𝐶𝐵𝑆𝑖,𝑠,ℎ,𝑡𝑠𝜖𝑆 − ∑ 𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡𝑘𝜖𝐾 )𝑖𝜖𝐼 × 𝛼ℎ  (17)   
 
4.5.1.2 Cost of the Biomass Distribution Component 
Different transportation modes can be used to ship the biomass feedstock from 
the biomass cultivation site to the biomass storage and distribution facility, and 
from the biomass storage and distribution facility to the biofuel production plant. 
This has been shown in Figure 4.1 and explained in Section 4.5.1. 
 
To calculate 𝐵𝑇𝐶𝑆ℎ,𝑡, the total transportation cost from the various biomass 
cultivation sites to the biomass storage and distribution facility, 𝐶𝐵𝑆𝑖,𝑠,ℎ,𝑡, the 
biomass quantity of biomass 𝑖 from biomass cultivation site 𝑠 to biomass 
storage and distribution facility ℎ at time 𝑡 multiplied by 𝛿𝑠,ℎ, the distance 
from biomass cultivation site 𝑠 to biomass storage and distribution facility ℎ, 
and 𝛽𝑠,ℎ, the transportation cost per unit of biomass feedstock from biomass 
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cultivation site 𝑠 to biomass storage and distribution facility ℎ are taken. This 
is shown in (18) below: 
 
𝐵𝑇𝐶𝑆ℎ,𝑡 = ∑ ∑ (𝐶𝐵𝑆𝑖,𝑠,ℎ,𝑡 × 𝛿𝑠,ℎ × 𝛽𝑠,ℎ)𝑖∈𝐼𝑠∈𝑆   (18)   
 
For 𝐵𝑇𝐶𝑃ℎ,𝑡,  the total transportation cost from the biomass storage and 
distribution facility to the various biofuel production plants is formulated by 
taking 𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡, the biomass quantity for biomass feedstock type 𝑖  from 
biomass storage and distribution facility ℎ  to biofuel production plant 𝑘  at 
time 𝑡 together with 𝜀ℎ,𝑘, the distance from biomass storage and distribution 
facility ℎ  to biofuel production plant 𝑘 and 𝛾ℎ,𝑘, the transportation cost per 
unit of biomass feedstock from biomass storage and distribution facility ℎ  to 
biofuel production plant 𝑘. This is given in (27) below: 
 
𝐵𝑇𝐶𝑃ℎ,𝑡 = ∑ ∑ (𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡 × 𝜀ℎ,𝑘 × 𝛾ℎ,𝑘)𝑖∈𝐼𝑘∈𝐾   (19)   
 
However, in this case, only the biomass quantity of biomass feedstock that is 
transported from the biomass storage and distribution facility to the biofuel 
production plant for processing is considered. This is because the biomass 
quantity transported from the biomass cultivation site to the biomass storage 
and distribution facility may not be equal to the biomass quantity transported 
from the biomass storage and distribution facility to the biofuel production plant 
in the same time period (i.e. ∑ 𝐶𝐵𝑆𝑖,𝑠,ℎ,𝑡𝑠∈𝑆  ≥ ∑ 𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡𝑘∈𝐾 ). The difference in 
these two quantities will be taken as the biomass storage cost in the biomass 
storage and distribution facility, as shown in (17). 
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4.5.2 Costs for the Biofuel Production Plant 
Biofuel Production Nomenclature 
𝐵𝑃𝐶𝑘,𝑡 Biomass related variable cost for biofuel production plant 𝑘 at time 𝑡 
($) 
𝐸𝐶𝑃𝑘,𝑡 Energy cost for biofuel production plant 𝑘 at time 𝑡 ($) 
𝑀𝐶𝑃𝑘,𝑡 Material cost for biofuel production plant 𝑘 at time 𝑡 ($) 
𝑃𝑃𝐶𝑘,𝑡 Biofuel related variable cost for biofuel plant 𝑘 at time 𝑡 ($) 
𝑉𝐶𝑃𝑘,𝑡 Variable cost for biofuel production plant 𝑘 at time 𝑡 ($) 
𝜁𝑖,𝑡 Purchase cost per unit of biomass for feedstock type 𝑖 at time 𝑡 ($/t) 
𝜂𝑘 Material cost per unit of biofuel for biofuel production plant 𝑘 ($/t) 
𝜃𝑘 Energy cost per unit of biofuel for biofuel production plant 𝑘 ($/t) 
𝜒𝑖,𝑡 Material cost to process a unit of biomass of feedstock type 𝑖 at time 
𝑡 ($/t) 
 
As shown in equation (8) , 𝐹𝐶𝑃𝑘,𝑡, the fixed cost for biofuel production plant 𝑘 at 
time 𝑡, represents the capital investment required for the establishment of the 
biofuel production plant. The amount of the capital investment is assumed to be 
consistent throughout the life span of the biofuel production plant. Also, other 
overhead costs such as labour costs can be considered to be part of the fixed 
cost of the biofuel production plant. This is because the labour cost is 
independent of the amount of biomass used or biofuel produced. 
 
𝑉𝐶𝑃𝑘,𝑡, the variable cost for biofuel production plant 𝑘 at time 𝑡  within the 
biofuel supply chain is split into two components. These are 𝐵𝑃𝐶𝑘,𝑡,  the 
biomass related variable cost for biofuel production plant 𝑘  at time 𝑡  and 
𝑃𝑃𝐶𝑘,𝑡, the product related variable cost for biofuel plant 𝑘 at time 𝑡. This is 
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done in order to consider separately the variable cost, which is dependent on 
either the biomass feedstock or the biofuel. For costs such as labour, these can 
be considered as fix costs within the biofuel production plant as these costs do 
not depend on either the biomass feedstock or the biofuel: 
 
𝑉𝐶𝑃𝑘,𝑡 = 𝐵𝑃𝐶𝑘,𝑡 + 𝑃𝑃𝐶𝑘,𝑡 (20)   
 
The biomass related variable cost for the biofuel production plant takes into 
account the biomass quantity of the biomass transported from the biomass 
storage and distribution facility to the biofuel production plant. This is because 
the biomass quantity transported from the biomass cultivation site to the 
biomass storage and distribution facility may not be equal to the biomass 
quantity transported from the biomass storage and distribution facility to the 
biofuel production plant in the same time period (e.g. one month). 𝜁𝑖,𝑡 
represents the purchase cost per unit of biomass feedstock type 𝑖 at time 𝑡 
purchased by the biofuel production plant from the biomass storage and 
distribution facility if the first scenario (Figure 4.1) and second scenario (Figure 
4.2) are considered. For the third scenario (Figure 4.3), in which the biofuel 
supply chain is fully owned by the biofuel company, no purchase is required 
from the biomass storage and distribution facility. This is because there is no 
change of ownership for the biomass feedstock. Thus 𝜁𝑖,𝑡 will be zero. 
 
𝜒𝑖,𝑡 refers to the material cost to process a unit of biomass type 𝑖 at time 𝑡. It 
accounts for the materials, such as enzymes and catalysts, which are used to 
process the biomass feedstock: 
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𝐵𝑃𝐶𝑘,𝑡 = ∑ ∑ [𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡 × (𝜁𝑖,𝑡 + 𝜒𝑖,𝑡)]𝑖∈𝐼ℎ∈𝐻   (21)   
 
𝑃𝑃𝐶𝑘,𝑡, the biofuel related variable cost for biofuel plant 𝑘 at time 𝑡 refers to 
costs such as material and energy costs within the biofuel production plant. This 
cost is further divided into 𝑀𝐶𝑃𝑘,𝑡, the material cost for biofuel production plant 
𝑘 at time 𝑡 and 𝐸𝐶𝑃𝑘,𝑡, the energy cost for biofuel production plant 𝑘 at time 𝑡. 
𝑀𝐶𝑃𝑘,𝑡 refers to the additional materials required per unit of biofuel produced, 
while 𝐸𝐶𝑃𝑘,𝑡 refers to the amount of energy required per unit of biofuel produced: 
 
𝑃𝑃𝐶𝑘,𝑡 = 𝑀𝐶𝑃𝑘,𝑡 + 𝐸𝐶𝑃𝑘,𝑡 (22)   
 
The material cost for the biofuel production plant is calculated using 𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡, 
the amount of biofuel type 𝑗 shipped from biofuel production plant 𝑘 to biofuel 
storage and distribution facility 𝑝 at time 𝑡 together with 𝜂𝑘, which represents 
the material cost per unit of biofuel for biofuel production plant 𝑘. The energy 
cost for the biofuel production plant is evaluated using 𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡, the amount of 
biofuel type 𝑗 shipped from biofuel production plant 𝑘 to biofuel storage and 
distribution facility 𝑝  at time 𝑡  as well as 𝜃𝑘,  the energy cost of biofuel 
production plant 𝑘. The equations are shown in (23) and (24) respectively: 
 
𝑀𝐶𝑃𝑘,𝑡 = ∑ ∑ (𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡 × 𝜂𝑘)𝑗∈𝐽𝑝∈𝑃   (23)   
𝐸𝐶𝑃𝑘,𝑡 = ∑ ∑ (𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡 × 𝜃𝑘)𝑗∈𝐽𝑝∈𝑃   (24)   
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𝜂𝑘 , the unit material cost for biofuel production plant 𝑘 includes:  
 Enzymes (e.g. the acid, base and catalysts needed for biofuel production) 
 The raw materials that are used during the biomass feedstock to biofuel 
production (e.g. water) 
 The by-products that are to be disposed within the biofuel production plant 
(e.g. waste water) 
 
𝜃𝑘 , the unit energy cost for biofuel production plant 𝑘 includes:  
 Electricity 
 Heat 
 
4.5.3 Costs of the Biofuel Storage and Distribution Facility 
Biofuel Storage and Distribution Nomenclature 
𝑀𝑆𝐶𝑝,𝑡 Biofuel storage costs for biofuel storage and distribution facility 𝑝 at 
time 𝑡 ($) 
𝑀𝑇𝐶𝐶𝑝,𝑡 Total transportation cost to the customers from the various biofuel 
storage and distribution facilities 𝑝 at time 𝑡 ($) 
𝑀𝑇𝐶𝑆𝑝,𝑡 Total transportation cost from the various biofuel plants to biofuel 
storage and distribution facilities p at time t ($) 
𝜔𝑝 Storage cost per unit of biofuel for biofuel storage and distribution 
facility 𝑝 ($/t) 
𝜓𝑘,𝑝 Distance from biofuel production plant 𝑘 to biofuel storage and 
distribution facility 𝑝 (km) 
𝜆𝑘,𝑝 Transportation cost per unit of biofuel from biofuel production plant 𝑘 
to biofuel storage and distribution facility 𝑝 ($/t-km) 
𝜇𝑝,𝑐 Distance from biofuel storage and distribution facility 𝑝 to customer 𝑐 
(km) 
𝜈𝑝,𝑐 Transportation cost per unit of biofuel from biofuel storage and 
distribution facility 𝑝 to customer 𝑐 ($/t-km) 
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As shown in equation (9) , 𝐹𝐶𝑀𝑃𝑝,𝑡, the fixed cost for the biofuel storage and 
distribution facility 𝑝 at time 𝑡, represents the capital investment required for the 
establishment of the biofuel storage and distribution facility. The amount of the 
capital investment is assumed to be consistent throughout the life span of the 
biofuel storage and distribution facility. 
 
With the biomass feedstock processed, the following are produced: (1) the main 
product (i.e. biofuel), and (2) the by-products. The main product refers to the 
biofuel to be studied in this research, and the by-products are the other products 
that are produced along with the main product. Once the biofuel is produced at 
the biofuel production plant, it is transported to the biofuel storage and 
distribution facility, which is shown in Figure 4.5 in Section 4.5.3.2. 
 
Similar to the variable costs for the biomass storage and distribution facility, the 
variable costs for the biofuel storage and distribution facility are made up of the 
following cost components: 
(1) 𝑀𝑆𝐶𝑝,𝑡: Biofuel storage costs for biofuel storage and distribution facility 𝑝 at 
time 𝑡. 
(2) 𝑀𝑇𝐶𝑆𝑝,𝑡: Total transportation cost from the various biofuel production plants 
to biofuel storage and distribution facility p at time t. 
(3) 𝑀𝑇𝐶𝐶𝑝,𝑡 : Total transportation cost from the various biofuel storage and 
distribution facilities 𝑝 to customer at time 𝑡. 
 
𝑉𝐶𝑀𝑃𝑝,𝑡 = 𝑀𝑆𝐶𝑝,𝑡 + 𝑀𝑇𝐶𝑆𝑝,𝑡 + 𝑀𝑇𝐶𝐶𝑝,𝑡 (25)   
 
79 
 
 
4.5.3.1 Cost of the Biofuel Storage Component 
For biofuel storage, the differences between the quantity of biofuel sent to the 
biofuel storage and distribution facility from the biofuel production plant and the 
quantity of biofuel sent to the customer from biofuel storage and distribution 
facility are looked at, together with the unit storage cost. The amount of biofuel 
left in the biofuel storage and distribution facility will be responsible for the 
storage cost charged to the model. 
 
The biofuel storage cost takes into account 𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡, the amount of biofuel type 
𝑗 shipped from biofuel production plant 𝑘 to biofuel storage and distribution 
facility 𝑝  at time 𝑡 , 𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡,  the amount of biofuel type 𝑗  shipped from 
biofuel storage and distribution facility 𝑝 to customer 𝑐 at time 𝑡, and 𝜔𝑝, the 
storage cost per unit of biofuel for biofuel storage and distribution facility 𝑝: 
 
𝑀𝑆𝐶𝑝,𝑡 = ∑ (∑ 𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡𝑘𝜖𝐾 − ∑ 𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡𝑐𝜖𝐶 )𝑗𝜖𝐽 × 𝜔𝑝  (26)   
 
4.5.3.2 Cost of the Biofuel Distribution Component 
Similar to the biomass distribution, the biofuel distribution is made up of two 
segments of the transportation modes as shown in Figure 4.5. The 
transportation is divided into two components because different types of 
transportation modes can be used for shipping between biofuel production plant 
𝑘 and biofuel storage and distribution facility 𝑝 and between biofuel storage and 
distribution facility 𝑝 and the customer 𝑐. 
 
80 
 
 
 
Figure 4.5: Different transportation modes used for biomass transportation 
 
To calculate 𝑀𝑇𝐶𝑆𝑝,𝑡, the total transportation cost from the various biofuel 
plants to biofuel storage and distribution facility p at time t, 𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡, the 
amount of biofuel type 𝑗 shipped from biofuel production plant 𝑘 to biofuel 
storage and distribution facility 𝑝 at time 𝑡 is taken and multiplied by 𝜓𝑘,𝑝, the 
distance from biofuel production plant 𝑘 to biofuel storage and distribution 
facility 𝑝, and 𝜆𝑘,𝑝, the transportation cost per unit of biofuel transported from 
biofuel production plant 𝑘 to biofuel storage and distribution facility 𝑝.  
 
𝑀𝑇𝐶𝑆𝑝,𝑡 = ∑ ∑ (𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡 × 𝜓𝑘,𝑝 × 𝜆𝑘,𝑝)𝑗∈𝐽𝑘∈𝐾   (27)   
 
 
As for 𝑀𝑇𝐶𝐶𝑝,𝑡, the total transportation cost to the customer from the various 
biofuel storage and distribution facilities 𝑝 at time 𝑡, 𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡, the amount of 
biofuel type 𝑗  shipped from biofuel storage and distribution facility 𝑝  to 
customer 𝑐 at time 𝑡 is used because that is the actual amount of biofuel to be 
shipped to the customer. It is multiplied by 𝜇𝑝,𝑐,  the distance from biofuel 
storage and distribution facility 𝑝 to customer 𝑐, and 𝜈𝑝,𝑐, the transportation 
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cost per unit of biofuel transported from biofuel storage and distribution facility 
𝑝 to customer 𝑐: 
 
𝑀𝑇𝐶𝐶𝑝,𝑡 = ∑ ∑ (𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡 × 𝜇𝑝,𝑐 × 𝜈𝑝,𝑐)𝑗∈𝐽𝑐∈𝐶   (28)   
 
4.5.4 Cost of the By-Product Storage and Distribution Facility 
By-Product Storage and Distribution Nomenclature 
𝐵𝑆𝐶𝑞,𝑡 By-product storage costs for by-product storage and distribution 
facility 𝑞 at time 𝑡 ($) 
𝐵𝑇𝐶𝐶𝑞,𝑡 Total transportation cost to customers or disposal sites from the 
various by-product storage and distribution facilities 𝑞 at time 𝑡 ($) 
𝐵𝑇𝐶𝑆𝑞,𝑡 Total transportation cost from the various biofuel plants to by-product 
storage and distribution facilities 𝑞 at time 𝑡 ($) 
𝜉𝑞 Storage cost per unit of by-product for by-product storage and 
distribution facility 𝑞 ($/t) 
𝜊𝑘,𝑞 Distance from biofuel production plant 𝑘 to by-product storage and 
distribution facility 𝑞 (km) 
𝜋𝑘,𝑞 Transportation cost per unity of by-product transported from biofuel 
production plant 𝑘 to by-product storage and distribution facility 𝑞 
($/t-km) 
𝜌𝑞,𝑐 Distance from by-product storage and distribution facility 𝑞 to 
customer 𝑐 (km) 
𝜚𝑞,𝑐 Transportation cost per unit of by-product transported from by-product 
storage and distribution facility 𝑞 to customer 𝑐 ($/t-km) 
 
As shown in equation (10) , 𝐹𝐶𝐵𝑃𝑞,𝑡, the fixed cost for the by-product storage 
and distribution facility 𝑞 at time 𝑡, represents the capital investment required 
for the establishment of the by-product storage and distribution facility. The 
amount of the capital investment is assumed to be consistent throughout the life 
span of the by-product storage and distribution facility. 
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In this research, by-products are assumed to be produced along with the main 
product (i.e. biofuel). They can be categorised into two types: 
(1) Material based by-products (e.g. Dried Distillers Grains with Solubles and 
ashes), which can either be sold as commodity products or disposed of 
within or outside the plant. 
(2) Energy based by-products (e.g. electricity), which can either be sold for 
revenue, reused within the biofuel production process or wasted. 
 
Based on the nature of these by-products, three methods are used to process 
them: 
(1) Disposal on-site (e.g. waste water) 
(2) Selling to customers (e.g. DDGS) 
(3) Disposal off-site (e.g. ash for burial) 
 
For by-products that need to be disposed of on-site, the cost is accounted for by 
𝜂𝑘, the unit material cost for biofuel production plant 𝑘. By-products that are to 
be sold to customers or disposed of off-site are transported to the by-product 
storage and distribution facility before shipping to the customer or to the 
disposal site. 𝑛𝑙, the unit selling price for by-product type 𝑙 at the by-product 
storage and distribution facility will be used to indicate that income is generated 
by saleable by-products. If the by-product is to be shipped off for disposal, a 
negative 𝑛𝑙 will be used to indicate that the income is a cost rather than a profit 
for the by-product. 
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The variable cost for the by-product storage and distribution facility is split into: 
(1) By-product storage costs for the by-product storage and distribution facility; 
(2) Total transportation cost from the various biofuel plants to the by-product 
storage and distribution facility; 
(3) Total transportation cost to the customers or disposal sites from the various 
by-product storage and distribution facilities. 
 
The variable costs for the by-products are calculated separately from the main 
product (biofuel) because:  
(1) The storage and distribution facility used for the by-products may not be the 
same as the storage and distribution facility used for the main product, and 
thus the unit storage cost may be different. 
(2) The transportation modes and routes from the biofuel production plant to the 
by-product storage and distribution facility may not be the same as those 
used for the main product. This also applies to the customers who are 
interested in the by-products or the by-product disposal site, which may not 
be the same group of customers who purchase the main product. 
 
In terms of mathematical formulation, 𝐵𝑆𝐶𝑞,𝑡, the by-product storage costs for 
by-product storage and distribution facility 𝑞  at time 𝑡 , 𝐵𝑇𝐶𝑆𝑞,𝑡,  the total 
transportation cost from the various biofuel plants to by-product storage and 
distribution facility 𝑞 at time 𝑡, and 𝐵𝑇𝐶𝐶𝑞,𝑡, the total transportation cost to the 
customers or disposal sites from the various by-product storage and distribution 
facilities 𝑞 at time 𝑡 are considered to form 𝑉𝐶𝐵𝑃𝑞,𝑡,  the variable costs for 
by-product storage and distribution facility 𝑞 at time 𝑡,: 
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𝑉𝐶𝐵𝑃𝑞,𝑡 = 𝐵𝑆𝐶𝑞,𝑡 + 𝐵𝑇𝐶𝑆𝑞,𝑡 + 𝐵𝑇𝐶𝐶𝑞,𝑡 (29)   
 
4.5.4.1 Cost of By-Product Storage Component 
For the by-product storage costs at the by-product storage and distribution 
facility, only by-products that are to be sold to customers or disposed of off-site 
are considered to use the by-product storage and distribution facility. Products 
such as waste water and electricity cannot be stored in the by-product storage 
and distribution facility because they are either disposed of on-site or they 
cannot be physically stored. As a result, they are not considered in either the 
by-product storage costs or in the transportation cost calculations.  
 
To calculate the by-product storage cost, it is reasonable to look at the 
differences between the amount of by-product shipped from the biofuel 
production plant to the by-product storage and distribution facility and the 
amount of by-product shipped from the by-product storage and distribution 
facility to the customer. This is to account for the differences (if any) between the 
two quantities of by-products within the same time period 𝑡. 
 
In terms of mathematical formulation, 𝐶𝐵𝑃𝑙,𝑘,𝑞,𝑡  represents the amount of 
by-product type 𝑙  shipped from biofuel production plant 𝑘  to by-product 
storage and distribution facility 𝑞  at time 𝑡,  and 𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡  represents the 
amount of by-product type 𝑙 shipped from by-product storage and distribution 
facility 𝑞 to customer 𝑐 at time 𝑡. The differnece between the two is evaulated 
85 
 
 
together with 𝜉𝑞 , the storage cost per unit of by-product for by-product storage 
and distribution facility 𝑞: 
 
𝐵𝑆𝐶𝑞,𝑡 = ∑ (∑ 𝐶𝐵𝑃𝑙,𝑘,𝑞,𝑡𝑘𝜖𝐾 − ∑ 𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡𝑐𝜖𝐶 )𝑙𝜖𝐿 × 𝜉𝑞  (30)   
 
4.5.4.2 Cost of the By-Product Distribution Component 
For the by-product distribution, the transportation mode are separated into two 
segments as shown in Figure 4.6. Similar to the biomass distribution and biofuel 
distribution, different types of transportation modes can be used for shipping 
between biofuel production plant 𝑘  and by-product storage and distribution 
facility 𝑞 and between by-product storage and distribution facility 𝑞 and the 
customer 𝑐. Thus, the cost calculation for the by-product distribution component 
is also split into two segments. 𝐵𝑇𝐶𝑆𝑞,𝑡 is the total transportation cost from the 
various biofuel plants to by-product storage and distribution facility 𝑞 at time 𝑡, 
while 𝐵𝑇𝐶𝐶𝑞,𝑡 is the total transportation cost to the customers or disposal sites 
from the various by-product storage and distribution facilities 𝑞 at time 𝑡. 
 
 
Figure 4.6: Different transportation modes used for by-product transportation 
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To calculate 𝐵𝑇𝐶𝑆𝑞,𝑡, the total transportation cost from the various biofuel 
plants to by-product storage and distribution facility 𝑞 at time 𝑡, 𝐶𝐵𝑃𝑙,𝑘,𝑞,𝑡 (the 
amount of by-product type 𝑙  shipped from biofuel production plant 𝑘  to 
by-product storage and distribution facility 𝑞 at time 𝑡) is taken and multiplied 
by 𝜊𝑘,𝑞 , the distance from biofuel production plant 𝑘 to by-product storage and 
distribution facility 𝑞, and 𝜋𝑘,𝑞 , the transportation cost per unit of by-product 
transported from biofuel production plant 𝑘  to by-product storage and 
distribution facility 𝑞: 
 
𝐵𝑇𝐶𝑆𝑞,𝑡 = ∑ ∑ (𝐶𝐵𝑃𝑙,𝑘,𝑞,𝑡 × 𝜊𝑘,𝑞 × 𝜋𝑘,𝑞)𝑙∈𝐿𝑘∈𝐾   (31)   
 
For 𝐵𝑇𝐶𝐶𝑞,𝑡, the total transportation cost to the customers or disposal sites 
from the various by-product storage and distribution facilities 𝑞  at time 𝑡 , 
𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡, the amount of by-product type 𝑙 shipped from by-product storage 
and distribution facility 𝑞 to customer 𝑐 at time 𝑡 is taken, together with 𝜌𝑞,𝑐, 
the distance from by-product storage and distribution facility 𝑞 to customer 𝑐 
and 𝜚𝑞,𝑐, the transportation cost per unit of by-product from by-product storage 
and distribution facility 𝑞 to customer 𝑐: 
 
𝐵𝑇𝐶𝐶𝑞,𝑡 = ∑ ∑ (𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡 × 𝜌𝑞,𝑐 × 𝜚𝑞,𝑐)𝑙∈𝐿𝑐∈𝐶   (32)   
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4.5.5 Government Policy Related to Biofuel Supply Chain 
In this research, government policy that is related to biofuel supply chain are 
looked at in terms of: 
(1) Taxation, which is the money government collected based on the income 
earned by the company or companies within the biofuel supply chain; and 
(2) Subsidy, which is the monetary incentives are given to the company or 
companies within the biofuel plant, depending on the policy by the 
government. 
 
These government policies are reflected directly on either the setup of the 
biofuel supply chain or the production of biofuel via biomass feedstock means. 
Fixed incentives, such as land rental discounts, are reflected as fixed incentives 
in the model. Variable incentives such as utility subsidies in the biofuel plant are 
reflected as the variable incentives. 
 
4.5.5.1 Taxation on Biofuel Supply Chain 
Taxation Nomenclature 
𝑇𝑟𝐵𝑃𝑞,𝑡 Taxation rate for by-product storage and distribution facility 𝑞 at time 
𝑡 (%) 
𝑇𝑟𝐵𝑆ℎ,𝑡 Taxation rate for biomass storage and distribution facility ℎ at time 𝑡 
(%) 
𝑇𝑟𝑀𝑃𝑝,𝑡 Taxation rate for biofuel storage and distribution facility 𝑝 at time 𝑡 
(%) 
𝑇𝑟𝑃𝑘,𝑡 Taxation rate for biofuel production plant 𝑘 at time 𝑡 (%) 
 
One of the policies that governments often use to support the development of 
the biofuel industry is the deduction of taxation. In order to increase the 
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competitiveness of the biofuel industry in relation to the traditional fossil fuel 
industry, taxes can be exempted or reduced from the final income of the biofuel 
companies. This method is used by many countries around the world. For 
instance, in the UK, different rates of fuel duty have been applied to the sale of 
UK biofuel in the past. However, from April 1 2010, the different rates of fuel 
duty applied to the sale of UK biofuel have ended, except for biodiesel from 
waste cooking oil. Biodiesel, diesel, bioethanol, and petrol are taxed at the 
same rate per litre (HM Revenue & Customs (HMRC), 2011). 
 
To consider taxation in the biofuel supply chain framework, it is represented by 
the variable taxation rates together with the income from each biofuel supply 
chain sub-component. Such a setup is implemented in the model to ensure that 
the taxation rates can be used for different biofuel supply chain 
sub-components when applicable, as all companies, regardless of whether or 
not they are related to the biofuel supply chain, pay taxes to the government. If 
one of the biofuel supply chain sub-components is not required to pay tax, the 
taxation rate on the income for the biofuel supply chain sub-component will be 
given as zero. 
 
In the proposed biofuel supply chain model, the taxation is related to 𝐼𝐵𝑆ℎ,𝑡, the 
income for biomass feedstock storage and distribution facility ℎ ; 𝐼𝑃𝑘,𝑡,  the 
income for biofuel production plant 𝑘; 𝐼𝑀𝑃𝑝,𝑡, the income for biofuel storage 
and distribution facility 𝑝; and 𝐼𝐵𝑃𝑞,𝑡, the income for by-product storage and 
distribution facility 𝑞. In the default biofuel supply chain scenario mentioned 
above, where the entire biofuel supply chain belongs to the biofuel company (i.e. 
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full integration), there will be no taxation for the rest of the biofuel supply chain 
sub-components because there is no change of ownership for the biomass or 
biofuel (i.e. no income). Thus the taxation is calculated as: 
 
𝑇𝐵𝑆ℎ,𝑡 = 𝑇𝑟𝐵𝑆ℎ,𝑡 × 𝐼𝐵𝑆ℎ,𝑡 (33)   
𝑇𝑃𝑘,𝑡 = 𝑇𝑟𝑃𝑘,𝑡 × 𝐼𝑃𝑘,𝑡  (34)  
𝑇𝑀𝑃𝑝,𝑡 = 𝑇𝑟𝑀𝑃𝑝,𝑡 × 𝐼𝑀𝑃𝑝,𝑡  (35)  
𝑇𝐵𝑃𝑞,𝑡 = 𝑇𝑟𝐵𝑃𝑞,𝑡 × 𝐼𝐵𝑃𝑞,𝑡  (36)  
 
where 𝑇𝑟𝐵𝑆ℎ,𝑡 is the taxation rate for biomass storage and distribution facility 
ℎ at time 𝑡, 𝑇𝑟𝑃𝑘,𝑡 is the taxation rate for biofuel production plant 𝑘 at time 𝑡, 
𝑇𝑟𝑀𝑃𝑝,𝑡 is the taxation rate for biofuel storage and distribution facility 𝑝 at time 
𝑡 and 𝑇𝑟𝐵𝑃𝑞,𝑡 is the taxation rate for by-product storage and distribution facility 
𝑞  at time 𝑡 . The variable taxation rates enable the model to account for 
adjustments in government policy dedicated to the sub-component, and yet 
able to be reflected in the overall biofuel supply chain. 
 
4.5.5.2 Subsidy on Biofuel Supply Chain 
Subsidy Nomenclature 
𝐹𝑟𝐵𝑃𝑞,𝑡 Fixed Subsidy rate for by-product storage and distribution facility 𝑞 at 
time 𝑡 (%) 
𝐹𝑟𝐵𝑆ℎ,𝑡 Fixed Subsidy rate for biomass storage and distribution facility ℎ at 
time 𝑡 (%) 
𝐹𝑟𝑀𝑃𝑝,𝑡 Fixed Subsidy rate for biofuel storage and distribution facility 𝑝 at 
time 𝑡 (%) 
𝐹𝑟𝑃𝑘,𝑡 Fixed Subsidy rate for biofuel production plant 𝑘 at time 𝑡 (%) 
𝐹𝑆𝐵𝑃𝑞,𝑡 Fixed Subsidy for by-product storage and distribution facility 𝑞 at time 
𝑡 (%) 
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Subsidy Nomenclature 
𝐹𝑆𝐵𝑆ℎ,𝑡 Fixed Subsidy for biomass storage and distribution facility ℎ at time 𝑡 
(%) 
𝐹𝑆𝑀𝑃𝑝,𝑡 Fixed Subsidy for biofuel storage and distribution facility 𝑝 at time 𝑡 
(%) 
𝐹𝑆𝑃𝑘,𝑡 Fixed Subsidy for biofuel production plant 𝑘 at time 𝑡 
𝑉𝑟𝐵𝑃𝑞,𝑡 Variable Subsidy rate for by-product storage and distribution facility 𝑞 
at time 𝑡 (%) 
𝑉𝑟𝐵𝑆ℎ,𝑡 Variable Subsidy rate for biomass storage and distribution facility ℎ 
at time 𝑡 (%) 
𝑉𝑟𝑀𝑃𝑝,𝑡 Variable Subsidy rate for biofuel storage and distribution facility 𝑝 at 
time 𝑡 (%) 
𝑉𝑟𝑃𝑘,𝑡 Variable Subsidy rate for biofuel production plant 𝑘 at time 𝑡 (%) 
𝑉𝑆𝐵𝑃𝑞,𝑡 Variable Subsidy for by-product storage and distribution facility 𝑞 at 
time 𝑡 (%) 
𝑉𝑆𝐵𝑆ℎ,𝑡 Variable Subsidy for biomass storage and distribution facility ℎ at 
time 𝑡 (%) 
𝑉𝑆𝑀𝑃𝑝,𝑡 Variable Subsidy for biofuel storage and distribution facility 𝑝 at time 
𝑡 (%) 
𝑉𝑆𝑃𝑘,𝑡 Variable Subsidy for biofuel production plant 𝑘 at time 𝑡 (%) 
 
A subsidy is the monetary incentive that is given to a company or companies 
based on government policy. Since a subsidy can be given to any company 
depending on government policy, in this biofuel supply chain framework model, 
the term is applied to all of the biofuel supply chain sub-components. If a 
subsidy is not used in any of the biofuel supply chain sub-components (i.e. no 
subsidy is given), the unused subsidy term will be zero. 
 
To better define a subsidy in this research, the overall subsidy for the biomass 
feedstock storage and distribution facility; biofuel production plant 𝑘; biofuel 
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storage and distribution facility 𝑝  and by-product storage and distribution 
facility 𝑞, is further divided into fixed subsidies and variable subsidies: 
 
𝑆𝐵𝑆ℎ,𝑡 = 𝐹𝑆𝐵𝑆ℎ,𝑡 + 𝑉𝑆𝐵𝑆ℎ,𝑡 (37)   
𝑆𝑃𝑘,𝑡 = 𝐹𝑆𝑃𝑘,𝑡 + 𝑉𝑆𝑃𝑘,𝑡  (38)  
𝑆𝑀𝑃𝑝,𝑡 = 𝐹𝑆𝑀𝑃𝑝,𝑡 + 𝑉𝑆𝑀𝑃𝑝,𝑡  (39)  
𝑆𝐵𝑃𝑞,𝑡 = 𝐹𝑆𝐵𝑃𝑞,𝑡 + 𝑉𝑆𝐵𝑃𝑞,𝑡  (40)  
 
Fixed subsidies such as 𝐹𝑆𝐵𝑆ℎ,𝑡, the fixed subsidy for biomass storage and 
distribution facility ℎ; 𝐹𝑆𝑃𝑘,𝑡, the fixed subsidy for biofuel production plant 𝑘; 
𝐹𝑆𝑀𝑃𝑝,𝑡, the fixed subsidy for biofuel storage and distribution facility 𝑝 and 
𝐹𝑆𝐵𝑃𝑞,𝑡, the fixed subsidy for by-product storage and distribution facility 𝑞, are 
treated as the fixed incentive given by the government to help the development 
of the biofuel supply chain. Such a subsidy may consist of, but is not limited to, 
a fixed land and equipment rebate or an annual research and development 
(R&D) grant. This is treated as a fixed portion of the return on investment (ROI) 
of the infrastructure. 
 
Thus the formulation for a fixed subsidy is the fixed subsidy rate (ROI rate) for 
the various biofuel supply chain sub-components such as 𝐹𝑟𝐵𝑆ℎ,𝑡, the fixed 
subsidy rate for biomass storage and distribution facility ℎ; 𝐹𝑟𝑃𝑘,𝑡, the fixed 
subsidy rate for biofuel production plant 𝑘; 𝐹𝑟𝑀𝑃𝑝,𝑡, the fixed subsidy rate for 
biofuel storage and distribution facility 𝑝 and 𝐹𝑟𝐵𝑃𝑞,𝑡, the fixed subsidy for 
by-product storage and distribution facility 𝑞, multiplied by the fixed costs, such 
as biomass feedstock storage and distribution facility 𝐹𝐶𝐵𝑆ℎ,𝑡 ; biomass 
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production plant 𝐹𝐶𝑃𝑘,𝑡; main product storage and distribution facility 𝐹𝐶𝑀𝑃𝑝,𝑡; 
and by-product storage and distribution facility 𝐹𝐶𝐵𝑃𝑞,𝑡, for each of the biofuel 
supply chain sub-components: 
 
𝐹𝑆𝐵𝑆ℎ,𝑡 = 𝐹𝑟𝐵𝑆ℎ,𝑡 × 𝐹𝐶𝐵𝑆ℎ,𝑡 (41)   
𝐹𝑆𝑃𝑘,𝑡 = 𝐹𝑟𝑃𝑘,𝑡 × 𝐹𝐶𝑃𝑘,𝑡  (42)  
𝐹𝑆𝑀𝑃𝑝,𝑡 = 𝐹𝑟𝑀𝑃𝑝,𝑡 × 𝐹𝐶𝑀𝑃𝑝,𝑡  (43)  
𝐹𝑆𝐵𝑃𝑞,𝑡 = 𝐹𝑟𝐵𝑃𝑞,𝑡 × 𝐹𝐶𝐵𝑃𝑞,𝑡  (44)  
 
On the other hand, variable subsidies such as 𝑉𝑆𝐵𝑆ℎ,𝑡, the variable subsidy for 
biomass storage and distribution facility ℎ; 𝑉𝑆𝑃𝑘,𝑡, the variable subsidy for 
biofuel production plant 𝑘; 𝑉𝑆𝑀𝑃𝑝,𝑡, the variable subsidy for biofuel storage 
and distribution facility 𝑝  and 𝑉𝑆𝐵𝑃𝑞,𝑡, the variable subsidy for by-product 
storage and distribution facility 𝑞, are treated as the incentives given by the 
government to the biofuel supply chain, depending on the quantity of biofuel 
produced. Such a subsidy may consist of, but is not limited to, an incentive 
given for the materials required for biofuel production, such as electricity and 
water, a rebate based on taxation or revenue, or a price incentive for selling 
biofuel products. Since this subsidy depends on the amount of biofuel produced, 
it is formulated as the subsidy rate given multiplied by the quantity of biofuel 
produced. If no subsidy is given to one of the biofuel supply chain 
sub-components, the subsidy term will be zero: 
 
𝑉𝑆𝐵𝑆ℎ,𝑡 = 𝑉𝑟𝐵𝑆ℎ,𝑡 × 𝑇𝐵𝑆ℎ,𝑡 (45)   
𝑉𝑆𝑃𝑘,𝑡 = 𝑉𝑟𝑃𝑘,𝑡 × 𝑇𝑃𝑘,𝑡  (46)  
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𝑉𝑆𝑀𝑃𝑝,𝑡 = 𝑉𝑟𝑀𝑃𝑝,𝑡 × 𝑇𝑀𝑃𝑝,𝑡  (47)  
𝑉𝑆𝐵𝑃𝑞,𝑡 = 𝑉𝑟𝐵𝑃𝑞,𝑡 × 𝑇𝐵𝑃𝑞,𝑡  (48)  
 
where 𝑉𝑟𝐵𝑆ℎ,𝑡  is the variable subsidy for biomass storage and distribution 
facility ℎ; 𝑉𝑟𝑃𝑘,𝑡 is the variable subsidy for biofuel production plant 𝑘; 𝑉𝑟𝑀𝑃𝑝,𝑡 
is the variable subsidy rate for biofuel storage and distribution facility 𝑝, and 
𝑉𝑟𝐵𝑃𝑞,𝑡 is the variable subsidy for by-product storage and distribution facility 𝑞.  
 
4.5.6 Environmental Impact Analysis of Biofuel Supply Chain 
Life Cycle Stages Nomenclature 
𝑏𝑠𝑡 Biomass feedstock storage and distribution 
𝑓𝑝 Biofuel production 
𝑚𝑝𝑠𝑡 Main product / Biofuel storage and distribution 
𝑏𝑝𝑠𝑡 By-product storage and distribution 
 
Environmental Impacts Nomenclature 
𝐸𝐶𝐵𝑆ℎ,𝑡 Total environmental cost for biomass storage and distribution 
facility ℎ at time 𝑡 ($) 
𝐸𝐶𝑃𝑘,𝑡 Total environmental cost for biofuel production plant 𝑘 at time 𝑡 
($) 
𝐸𝐶𝑀𝑃𝑝,𝑡 Total environmental cost for biofuel storage and distribution 
facility 𝑝 at time 𝑡 ($) 
𝐸𝐶𝐵𝑃𝑞,𝑡 Total environmental cost for by-product storage and distribution 𝑞 
at time 𝑡 ($) 
𝑒𝑙 Environmental levy imposed by the country ($/t) 
𝐼𝑚𝐵𝑆𝑏𝑠𝑡,ℎ,𝑡 Total environmental impact for biomass feedstock related life 
cycle stage 𝑏𝑠𝑡 at biomass storage and distribution facility ℎ at 
time 𝑡 (kgCO2e) 
𝐼𝑚𝑃𝑓𝑝,𝑘,𝑡 Total environmental impact for biofuel related life cycle stage 𝑓𝑝 
at biofuel production plant 𝑘 at time 𝑡 (kgCO2e) 
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Environmental Impacts Nomenclature 
𝐼𝑚𝑀𝑃𝑚𝑝𝑠𝑡,𝑝,𝑡 Total environmental impact for biofuel related life cycle stage 
𝑚𝑝𝑠𝑡 at biofuel storage and distribution facility 𝑝 at time 𝑡 
(kgCO2e)  
𝐼𝑚𝐵𝑃𝑏𝑝𝑠𝑡,𝑞,𝑡 Total environmental impact for by-product related life cycle stage 
𝑏𝑝𝑠𝑡 at by-product storage and distribution facility 𝑞 at time 𝑡 
(kgCO2e) 
𝐿𝐵𝑆𝑏𝑠𝑡,ℎ,𝑡 Environmental impacts allowed by the government policy for 
biomass related life cycle stage 𝑏𝑠𝑡 at biomass storage and 
distribution facility ℎ at time 𝑡 (kgCO2e) 
𝐿𝑃𝑓𝑝,𝑘,𝑡 Environmental impacts allowed by the government policy for plant 
related life cycle stage 𝑓𝑝 at biofuel production plant 𝑘 at time 𝑡 
(kgCO2e) 
𝐿𝑀𝑃𝑚𝑝𝑠𝑡,𝑝,𝑡 Environmental impacts allowed by the government policy for 
biofuel related life cycle stage 𝑚𝑝𝑠𝑡 at biofuel storage and 
distribution facility 𝑝 at time 𝑡 (kgCO2e) 
𝐿𝐵𝑃𝑏𝑝𝑠𝑡,𝑞,𝑡 Environmental impacts allowed by the government policy for 
by-product related life cycle stage 𝑏𝑝𝑠𝑡 at by-product storage 
and distribution facility 𝑞 at time 𝑡 (kgCO2e) 
𝑞1𝑚𝑝𝑠𝑡,𝑗 𝐶𝑂2 equivalent per unit quantity of biofuel for biofuel storage at 
biofuel life cycle stage 𝑚𝑝𝑠𝑡 for biofuel type 𝑗 (kgCO2e/t) 
𝑞2𝑚𝑝𝑠𝑡,𝑗 𝐶𝑂2 equivalent per unit quantity of biofuel for biofuel distribution 
at biofuel life cycle stage 𝑚𝑝𝑠𝑡 for biofuel type 𝑗 (kgCO2e/t) 
𝑠1𝑏𝑠𝑡,𝑖 𝐶𝑂2 equivalent per unit quantity of biomass feedstock for 
biomass storage at biomass life cycle stage 𝑏𝑠𝑡 for biomass 
feedstock type 𝑖 (kgCO2e/t) 
𝑠2𝑏𝑠𝑡,𝑖 𝐶𝑂2 equivalent per unit quantity of biomass feedstock for 
biomass distribution at biomass life cycle stage 𝑏𝑠𝑡 for biomass 
feedstock type 𝑖 (kgCO2e/t) 
𝑡1𝑓𝑝,𝑗 𝐶𝑂2 equivalent per unit quantity of biofuel for biofuel storage at 
plant life cycle stage 𝑓𝑝 for biofuel type 𝑗 (kgCO2e/t) 
𝑡2𝑓𝑝,𝑗 𝐶𝑂2 equivalent per unit quantity of biofuel for biofuel distribution 
at plant related life cycle stage 𝑓𝑝 for biofuel type 𝑗 (kgCO2e/t) 
𝑢1𝑓𝑝,𝑙 𝐶𝑂2 equivalent per unit quantity of by-product for by-product 
storage at plant life cycle stage 𝑓𝑝 for by-product 𝑙 (kgCO2e/t) 
𝑢2𝑓𝑝,𝑙 𝐶𝑂2 equivalent per unit quantity of by-product for by-product 
transportation at plant life cycle stage 𝑓𝑝 for by-product 𝑙 
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Environmental Impacts Nomenclature 
(kgCO2e/t) 
𝑤1𝑏𝑝𝑠𝑡,𝑙 𝐶𝑂2 equivalent per unit quantity of by-product for by-product 
storage at by-product life cycle stage 𝑏𝑝𝑠𝑡 for by-product 𝑙 
(kgCO2e/t) 
𝑤2𝑏𝑝𝑠𝑡,𝑙  𝐶𝑂2 equivalent per unit quantity of by-product for by-product 
distribution at by-product life cycle stage 𝑏𝑝𝑠𝑡 for by-product 𝑙 
(kgCO2e/t) 
 
In this research, a modified version of Life Cycle Economical Cost Analysis 
(LCECA) is used for the environmental impact analysis. Various environmental 
costs for the biofuel supply chain sub-components are looked into and 
evaluated in terms of stages. They are: 𝑏𝑠𝑡, the biomass feedstock storage 
and distribution stage; 𝑓𝑝,  the biofuel production stage; 𝑚𝑝𝑠𝑡,  the main 
product (biofuel) storage and distribution stage; and 𝑏𝑝𝑠𝑡,  the by-product 
storage and distribution stage. This is shown in Table 4.1 below. The 𝑏𝑠𝑡 stage 
corresponds to the activities performed by the biomass storage and distribution 
facility ℎ  (i.e. the biomass feedstock storage, pre-treatment (if any) and 
transportation to biofuel production plant 𝑘). The 𝑓𝑝 stage corresponds to the 
activities performed by biofuel production plant 𝑘 (i.e. the biofuel production 
and transportation to the biofuel storage and distribution facility 𝑝  and 
by-product storage and distribution facility 𝑞. The 𝑚𝑝𝑠𝑡 stage corresponds to 
the activities performed by eth biofuel storage and distribution facility 𝑝 (i.e. the 
biofuel storage and transportation to customer 𝑐 ). Finally, the 𝑏𝑝𝑠𝑡  stage 
corresponds to the activities performed the by-product storage and distribution 
facility 𝑞 (i.e. the by-product storage and transportation to customer 𝑐). This is 
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consistent with the income analysis (Section 4.3) and cost analysis (Section 
4.5). 
 
Table 4.1: Relationship between environmental impact and biofuel supply chain 
Environmental Impact 
Stage 
Corresponding Biofuel 
Supply Chain 
Sub-component 
Activities Performed 
Biomass feedstock storage 
and distribution stage 𝑏𝑠𝑡 
Biomass feedstock storage 
and distribution facility ℎ 
Biomass feedstock 
storage and 
distribution 
Biofuel production stage 𝑓𝑝 Biofuel production plant 𝑝 Biofuel production 
and distribution 
Main product (biofuel) storage 
and distribution stage 𝑚𝑝𝑠𝑡 
Main product (biofuel) storage 
and distribution facility 𝑝 
Biofuel storage and 
distribution 
By-product storage and 
distribution stage 𝑏𝑝𝑠𝑡 
By-product storage and 
distribution facility 𝑞 
By-product storage 
and distribution 
 
For each stage, carbon dioxide (𝐶𝑂2), methane (𝐶𝐻4), and nitrous oxide (𝑁2𝑂) 
are measured and quantified in terms of 𝐶𝑂2 equivalent per tonne (𝑘𝑔𝐶𝑂2𝑒/
𝑡𝑜𝑛𝑛𝑒). 𝐶𝑂2 equivalent is a metric measure used to compare the emissions 
from various greenhouse gases based upon their global warming potential 
(GWP), and GWP is a measure of the total energy that a gas absorbs over a 
particular period of time (usually 50, 100 or 500 years), compared to carbon 
dioxide. The excess in relation to the environmental quantities allowed by the 
government policies (e.g. the emission allowance) are then converted into 
monetary values in the biofuel supply chain. These monetary values are treated 
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as an environmental levy charged by the government, which is a cost to the 
biofuel supply chain.  
 
Thus, in order to calculate the total environmental cost for each of the biofuel 
supply chain stages within the biofuel supply chain sub-component, the total 
environmental impacts for each of the biofuel supply chain sub-components is 
measured: 
 𝐸𝐶𝐵𝑆ℎ,𝑡, the total environmental cost for biomass storage and distribution 
facility ℎ  at time 𝑡  and 𝐼𝑚𝐵𝑆𝑏𝑠𝑡,ℎ,𝑡 , the total environmental impact for 
biomass feedstock related life cycle stage 𝑏𝑠𝑡, at biomass storage and 
distribution facility ℎ at time 𝑡;  
 𝐸𝐶𝑃𝑘,𝑡, the total environmental cost for biofuel production plant 𝑘 at time 𝑡 
and 𝐼𝑚𝑃𝑓𝑝,𝑘,𝑡, the total environmental impact for biofuel related life cycle 
stage 𝑓𝑝 at biofuel production plant 𝑘 at time 𝑡;  
 𝐸𝐶𝑀𝑃𝑝,𝑡, the total environmental cost for biofuel storage and distribution 
facility 𝑝 at time 𝑡; and 𝐼𝑚𝑀𝑃𝑚𝑝𝑠𝑡,𝑝,𝑡, the total environmental impact for 
biofuel related life cycle stage 𝑚𝑝𝑠𝑡 at biofuel storage and distribution 
facility 𝑝 at time 𝑡; and 
 𝐸𝐶𝐵𝑃𝑞,𝑡, the total environmental cost for by-product storage and distribution 
facility 𝑞  at time 𝑡  and 𝐼𝑚𝐵𝑃𝑏𝑝𝑠𝑡,𝑞,𝑡, the total environmental impact for 
by-product related life cycle stage 𝑏𝑝𝑠𝑡  at by-product storage and 
distribution facility 𝑞 at time 𝑡. 
 
98 
 
 
The environmental levy 𝑒𝑙, set by the government is then imposed on the 
differences between the measured total environmental impacts and the 
maximum allowable environmental impacts proposed by the government: 
 𝐿𝐵𝑆𝑏𝑠𝑡,ℎ,𝑡, the maximum allowable environmental impacts proposed by the 
government for biomass storage and distribution facility ℎ at time 𝑡;  
 𝐿𝑃𝑓𝑝,𝑘,𝑡, the maximum allowable environmental impacts proposed by the 
government for biofuel production plant 𝑘 at time 𝑡; 
 𝐿𝑀𝑃𝑚𝑝𝑠𝑡,𝑝,𝑡, the maximum allowable environmental impacts proposed by 
the government for biofuel storage and distribution facility 𝑝 at time 𝑡; and  
 𝐿𝐵𝑃𝑏𝑝𝑠𝑡,𝑞,𝑡,  the maximum allowable environmental impacts proposed by 
the government for by-product storage and distribution facility 𝑞 at time 𝑡. 
 
𝐸𝐶𝐵𝑆ℎ,𝑡 = [∑ (𝐼𝑚𝐵𝑆𝑏𝑠𝑡,ℎ,𝑡 − 𝐿𝐵𝑆𝑏𝑠𝑡,ℎ,𝑡)𝑏𝑠𝑡∈𝐵𝑆𝑇 ] × 𝑒𝑙  (49)   
𝐸𝐶𝑃𝑘,𝑡 = [∑ (𝐼𝑚𝑃𝑓𝑝,𝑘,𝑡 − 𝐿𝑃𝑓𝑝,𝑘,𝑡)𝑓𝑝∈𝐹𝑃 ] × 𝑒𝑙  (50)  
𝐸𝐶𝑀𝑃𝑝,𝑡 = [∑ (𝐼𝑚𝑀𝑃𝑚𝑝𝑠𝑡,𝑝,𝑡 − 𝐿𝑀𝑃𝑚𝑝𝑠𝑡,𝑝,𝑡)𝑚𝑝𝑠𝑡∈𝑀𝑃𝑆𝑇 ] × 𝑒𝑙  (51)  
𝐸𝐶𝐵𝑃𝑞,𝑡 = [∑ (𝐼𝑚𝐵𝑃𝑏𝑝𝑠𝑡,𝑞,𝑡 − 𝐿𝐵𝑃𝑏𝑝𝑠𝑡,𝑞,𝑡)𝑏𝑝𝑠𝑡∈𝐵𝑃𝑆𝑇 ] × 𝑒𝑙  (52)  
 
Different from the income and cost analysis above, the environmental impact 
analysis is independent of the ownership of the biofuel supply chain (i.e. 
regardless of the type of integration used). This is because the environmental 
impact will be evaluated as a cost in this research, and costs are independent 
of the type of ownership (e.g. production and transportation costs). 
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4.5.6.1 Environmental Impact of Biomass Distribution and Storage Facility 
To look at the total environmental impact per biofuel supply chain 
sub-component, the quantity of biomass or biofuel at each sub-component of 
the biofuel supply chain is used, together with the 𝐶𝑂2 equivalent per unit 
quantity of biomass or biofuel for that sub-component. The total environmental 
impact for the biomass storage and distribution facility consists of two 
components. The first component is the biomass feedstock stored in the 
biomass storage and distribution facility together with 𝑠1𝑏𝑠𝑡,𝑖,  the 𝐶𝑂2 
equivalent per unit quantity of biomass feedstock for biomass storage at 
biomass life cycle stage 𝑏𝑠𝑡  for biomass feedstock type 𝑖 . The second 
component is the biomass feedstock shipped from the biomass storage and 
distribution facility to the biofuel production plant, together with 𝑠2𝑏𝑠𝑡,𝑖,  the 𝐶𝑂2 
equivalent per unit quantity of biomass feedstock for biomass distribution at 
biomass life cycle stage 𝑏𝑠𝑡 for biomass feedstock type 𝑖. 𝐶𝐵𝑆𝑖,𝑠,ℎ,𝑡 is used 
for the environmental impact related to biomass storage because that is the 
total quantity of biomass feedstock stored in the facility. On the other hand, 
𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡 is considered for the distribution component of the environmental 
impact because this is the amount of biomass that will be further processed at 
biofuel production plant 𝑘. 
 
𝐼𝑚𝐵𝑆𝑏𝑠𝑡,ℎ,𝑡 = ∑ ∑ (𝐶𝐵𝑆𝑖,𝑠,ℎ,𝑡  × 𝑠1𝑏𝑠𝑡,𝑖)𝑖∈𝐼 + ∑ ∑ (𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡  ×𝑖∈𝐼𝑘∈𝐾𝑠∈𝑆
𝑠2𝑏𝑠𝑡,𝑖)  (53)   
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4.5.6.2 Environmental Impact of Biofuel Production Plant 
As for the biofuel production plant 𝑘 , the total environmental impact is 
separated into the biofuel and by-products, and then further separated into the 
storage and distribution related environmental impacts. For the main product 
(biofuel) storage, the environmental impact is based on the amount of biofuel 
type shipped from the biofuel production plant to the biofuel storage and 
distribution facility with 𝑡1𝑓𝑝,𝑗, the 𝐶𝑂2 equivalent per unit quantity biofuel for 
biofuel storage at plant life cycle stage 𝑓𝑝  for biofuel type 𝑗 . As for the 
environmental impact for biofuel distribution, the same quantity of biofuel is 
used together with 𝑡2𝑓𝑝,𝑗,  the 𝐶𝑂2  equivalent per unit quantity biofuel for 
biofuel distribution at plant life cycle stage 𝑓𝑝 for biofuel type 𝑗. 
 
In terms of the by-product storage environmental impact, the amount of 
by-product type shipped from the biofuel production plant to the by-product 
storage and distribution facility is used with 𝑢1𝑓𝑝,𝑙, which is the 𝐶𝑂2 equivalent 
per unit quantity of biofuel for by-product storage at plant life cycle stage 𝑓𝑝 for 
by-product type 𝑙 . The same by-product quantity and 𝑢2𝑓𝑝,𝑙 , the 𝐶𝑂2 
equivalent per unit quantity of biofuel for by-product storage at plant life cycle 
stage 𝑓𝑝  for by-product type 𝑙  are used to formulate the by-product 
distribution related environmental impact: 
 
𝐼𝑚𝑃𝑓𝑝,𝑘,𝑡 =
∑ ∑ [𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡 × (𝑡1𝑓𝑝,𝑗 + 𝑡2𝑓𝑝,𝑗)]𝑗∈𝐽𝑝∈𝑃 + ∑ ∑ [𝐶𝐵𝑃𝑙,𝑘,𝑞,𝑡 ×𝑙∈𝐿𝑞∈𝑄
(𝑢1𝑓𝑝,𝑙 + 𝑢2𝑓𝑝,𝑙)]  (54)  
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4.5.6.3 Environmental Impact of Biofuel Storage and Distribution Facility 
For biofuel storage and distribution facility 𝑝, both the storage and distribution 
related environmental impacts are investigated. For the storage environmental 
impact, the amount of biofuel type shipped from the biofuel production plant toth 
e biofuel storage and distribution facility is taken together with 𝑞1𝑚𝑝𝑠𝑡,𝑗 , the 
𝐶𝑂2 equivalent per unit quantity of biofuel for biofuel storage at biofuel life cycle 
stage 𝑚𝑝𝑠𝑡 for biofuel type 𝑗. The distribution environmental impact looks into 
the amount of biofuel shipped from the biofuel storage and distribution facility to 
the customer along with the 𝑞2𝑚𝑝𝑠𝑡,𝑗, which accounts for the 𝐶𝑂2 equivalent 
per unit quantity of biofuel for biofuel distribution at biofuel life cycle stage 𝑚𝑝𝑠𝑡 
for biofuel type 𝑗. 
 
𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡, the amount of biofuel shipped from the biofuel production plant to the 
biofuel storage and distribution facility is used to evaluate the environmental 
impact related to biofuel storage because that is the amount of biofuel stored in 
the biomass storage and distribution facility. 𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡, the amount of biofuel 
shipped from the biofuel storage and distribution facility to the customer is used 
to evaluate the environmental impact related to distribution because that is the 
actual amount of biofuel shipped to the customer: 
 
𝐼𝑚𝑀𝑃𝑚𝑝𝑠𝑡,𝑝,𝑡 =
∑ ∑ (𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡 × 𝑞1𝑚𝑝𝑠𝑡,𝑗)𝑗∈𝐽𝑘∈𝐾 + ∑ ∑ (𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡 × 𝑞2𝑚𝑝𝑠𝑡,𝑗)𝑗∈𝐽𝑐∈𝐶    (55)   
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4.5.6.4 Environmental Impact of By-Product Storage and Distribution 
Facility 
Similar to the biomass storage and distribution stage and the biofuel storage 
and distribution stage of the environmental impact analysis, the total 
environmental impact for the by-product is separated into two components, 
namely the environmental impact related to storage and the environmental 
impact related to distribution. For the environmental impact related to the 
by-product storage, the amount of by-product shipped from the biofuel 
production plant to the by-product storage and distribution facility is used 
together with 𝑤1𝑏𝑝𝑠𝑡,𝑙, which accounts for the 𝐶𝑂2 equivalent per unit quantity 
of by-product for by-product storage at by-product life cycle stage 𝑏𝑝𝑠𝑡 for 
by-product 𝑙 . On the other hand, the amount of by-product shipped from 
by-product storage and distribution facility 𝑞 to th ecustomer is used together 
with 𝑤2𝑏𝑝𝑠𝑡,𝑙 , the 𝐶𝑂2 equivalent per unit quantity of by-product for by-product 
distribution at by-product life cycle stage 𝑏𝑝𝑠𝑡 for by-product 𝑙 . This is to 
evaluate the environmental impact related to by-product distribution: 
 
𝐶𝐵𝑃𝑙,𝑘,𝑞,𝑡, the amount of by-product shipped from the biofuel production plant to 
the by-product storage and distribution facility is used to evaluate the 
environmental impact related to by-product storage because that is the amount 
of by-product stored in the by-product storage and distribution facility. 
𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡,  the amount of by-product shipped from the by-product storage and 
distribution facility to the customer is used to evaluate the environmental impact 
related to distribution because that is the actual amount of by-product shipped 
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to the customer. This concept is also applied to both the biomass storage and 
distributution stage and the biofuel storage and distribution stage: 
 
𝐼𝑚𝐵𝑃𝑏𝑝𝑠𝑡,𝑞,𝑡 = ∑ ∑ (𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡 × 𝑤𝑏𝑝𝑠𝑡,𝑙)𝑙∈𝐿𝑐∈𝐶   (56)   
 
To account for subsidies on environmental impacts given to the biofuel supply 
chain (if any), carbon credit nomenclature is added into the research. This 
carbon credit can be reflected under: 
 𝐿𝐵𝑆𝑏𝑠𝑡,ℎ,𝑡, the environmental impacts allowed by government policy for 
biomass related life cycle stage 𝑏𝑠𝑡 at biomass storage and distribution 
facility ℎ at time 𝑡; 
 𝐿𝑃𝑓𝑝,𝑘,𝑡, the environmental impacts allowed by government policy for plant 
related life cycle stage 𝑓𝑝 at biofuel production plant 𝑘 at time 𝑡;  
 𝐿𝑀𝑃𝑚𝑝𝑠𝑡,𝑝,𝑡,  the environmental impacts allowed government policy for 
biofuel related life cycle stage 𝑚𝑝𝑠𝑡 at biofuel storage and distribution 
facility 𝑝 at time 𝑡; and  
 𝐿𝐵𝑃𝑏𝑝𝑠𝑡,𝑞,𝑡, the environmental impacts allowed by government policy for 
by-product related life cycle stage 𝑏𝑝𝑠𝑡  at by-product storage and 
distribution facility 𝑞 at time 𝑡.  
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4.6 Conversion, Capacity and Mass Balance for Biofuel Supply Chain 
In this section, different types of constraints that are applied to the biofuel 
supply chain framework will be looked at. These constraints are categorised 
into:  
(1) Conversion factors from biomass feedstock to biofuel and by-products. This 
looks into the process of the biofuel production plant. Biomass feedstock 
from the biomass cultivation sites and the biomass storage and distribution 
facility are converted into biofuel as the main product together with other 
by-products in the biofuel production plant. In this research, it is considered 
that the conversion of biofuel as well as by-products to have a linear 
dependency on the quantities of biomass feedstock. 
(2) Location and capacity analysis on biofuel supply chain facilities and 
production plants, which are used to investigate the candidate points and 
maximum capacities of the biomass storage and distribution facility, the 
biofuel production plant, the biofuel storage and distribution facility and the 
by-product storage and distribution facility in each of the supply chain 
sub-components. Since multiple considerations (e.g. facility type and facility 
capacity) can be allocated to the same candidate location, thus it is 
possible to have multiple biofuel supply chain sub-components at the same 
geographical location (i.e. the facilities are built next to each other). As for 
the cultivation sites, the supply of biomass feedstock from the biomass 
cultivation sites is considered to be sufficient for the entire biofuel supply 
chain, regardless of whether first generation or second generation biofuel 
technology is used.  
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(3) Biomass feedstock, biofuel and by-product balance within biofuel supply 
chain. As the products are passed through different sub-components in the 
biofuel supply chain from the biomass cultivation site to the end customers, 
it is essential to ensure that the quantities going through each component 
are consistent with the previous component. This corresponds to the reality 
for supply chain product transfer. 
 
4.6.1 Conversion Factor from Biomass Feedstock to Biofuel and 
By-products 
Conversion, Location, Capacity and Mass Balance Nomenclature 
𝑓𝑖,𝑗,𝑘 Conversion factor from biomass feedstock type 𝑖 to biofuel type 𝑗 at 
biofuel production plant 𝑘  
𝑔𝑖,𝑙,𝑘 Conversion factor from biomass feedstock type 𝑖 to by-product 𝑙 at 
biofuel production plant 𝑘 
𝑋𝐵𝑆ℎ,𝑡 Maximum capacity for biomass storage and distribution facility ℎ (t) 
𝑋𝑃𝑘,𝑡 Maximum capacity for biofuel production plant 𝑘 (t) 
𝑋𝑀𝑃𝑝,𝑡 Maximum capacity for biofuel storage and distribution facility 𝑝 (t) 
𝑋𝐵𝑃𝑞,𝑡 Maximum capacity for by-product storage and distribution facility 𝑞 (t) 
𝑧𝑚ℎ Binary variable for biomass storage and distribution facility ℎ 
𝑧𝑝𝑘 Binary variable for biofuel production plant 𝑘 
𝑧𝑛𝑝 Binary variable for biofuel storage and distribution facility 𝑝 
𝑧𝑜𝑞 Binary variable for by-product storage and distribution facility 𝑞 
Since the conversion of biomass feedstock into biofuel occurs in the biofuel 
production plant, the conversion factor occurs only at the biofuel production 
plant sub-component. In this research, since the by-products are assumed to 
be produced along with the main product (biofuel), biomass feedstocks are 
converted into both biofuel and by-products. 
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In (57), as biomass feedstock is converted in biofuel production plant 𝑘, 𝑓𝑖,𝑗,𝑘, 
the conversion factor from biomass feedstock to biofuel at the biofuel 
production plant is used to convert 𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡, the biomass feedstock from the 
biomass storage and distribution facility to the biofuel production plant into 
𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡, the biofuel shipped from the biofuel production plant to the biofuel 
storage and distribution facility: 
 
∑ (𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡)𝑝∈𝑃 = ∑ ∑ (𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡 × 𝑓𝑖,𝑗,𝑘)𝑖∈𝐼ℎ∈𝐻   (57)   
Since the by-products are generated along with the biofuel in the same 
production plant from biomass feedstock, 𝑔𝑖,𝑙,𝑘, the conversion factor from 
biomass feedstock to by-product at thw ebiofuel production plant is used to 
represent the production of 𝐶𝐵𝑃𝑙,𝑘,𝑞,𝑡, the by-product shipped from the biofuel 
production plant to the by-product storage and distribution facility from 
𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡, the biomass feedstock from the biomass storage and distribution 
facility to the biofuel production plant: 
 
∑ (𝐶𝐵𝑃𝑙,𝑘,𝑞,𝑡)𝑞∈𝑄 = ∑ ∑ (𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡 × 𝑔𝑖,𝑙,𝑘)𝑖∈𝐼ℎ∈𝐻   (58)   
 
(57) and (58) can be modified to accommodate more sophisticated biomass 
feedstock to biofuel production conversion (i.e. complex equations) if required 
in future research. 
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4.6.2 Location and Capacity Analysis of Biofuel Supply Chain Facilities 
and Production Plants 
In this research, candidate points are used to represent the biofuel supply chain 
sub-components. For instance, the biomass storage and distribution facility with 
a maximum capacity of 100 tonnes, and the biomass storage and distribution 
facility, with maximum capacity of 50 tonnes, will be listed as two different 
candidate points at the same location. 
 
As such, the selection criteria for the candidate points may vary depending on 
the biofuel supply chain sub-component analysed. Below are some examples 
for consideration: 
 Biomass storage and distribution facility. Depending on the generation of 
biofuel conversion technology used, the consideration for the biomass 
storage and distribution facility candidate point may vary. Since first 
generation biofuel production relies on food crops giving sugars, starches 
and oils as feedstock, thus biomass cultivation sites are important for the 
production of these crops. Thus some considerations for the biomass 
storage and distribution facility are cheap and available land for the setting 
up of the warehouse, preferably between the biomass cultivation site and 
the biofuel production plant, with availability of resources such as utilities 
and labour and good accessibility for transport. However, second 
generation biofuel production uses lignocellulosic biomass as feedstock. 
This technology uses biomass feedstock consisting of residual and 
non-food parts of current crops, which are left behind once the food crop 
has been extracted, as well as other crops that are not used for food 
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purposes (non-food crops) and even industry waste such as wood chips. 
Thus, a specific biomass cultivation site is not required for the production of 
second generation biofuel. As such, the biomass storage and distribution 
facility can be close to the biofuel production plant, with availability of land 
and utilities, labour and good accessibility for transport. 
 Biofuel Production Plant. Similarly, a good candidate point for the biofuel 
production plant needs to have availability of land, where the plant can be 
setup. Due to the possible noise and environmental pollution, the location 
needs to be away from populated cities. However, the surrounding location 
needs to have a good labour force as well as a transportation infrastructure 
for the shipping of the biomass feedstock, biofuel and by-products.  
 Main product (biofuel) storage and distribution facility. Since the demand for 
the biofuel is most likely to come from the populated city, the biofuel storage 
and distribution facility can be close to the city. Again, a good labour force is 
needed for the location and since biofuels are dangerous goods (DGs), it is 
preferable to have the storage location on the outskirts of the city. Again, a 
good transportation infrastructure is needed for the delivery of the biofuel to 
the customers. 
 By-product storage and distribution facility. As the by-products from the 
biofuel production plant are mostly for other industrial uses (e.g. Dried 
Distillers Grains with Soluble (DDGS) and pure 𝐶𝑂2), the candidate point is 
less likely to be within the populated city area. Labour and good 
accessibility for transport are needed.  
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As for the facility and production plant capacity consideration, the maximum 
capacity for the biofuel supply chain sub-components is implemented to ensure 
the consistency of the biofuel supply chain framework.  
 
The selection of location and capacity for the biofuel supply chain 
sub-components is done via the use of binary variables. They are introduced to 
allow the “selection” of specific biomass storage and distribution facility ℎ, 
biofuel production plant 𝑘 , main product (biofuel) storage and distribution 
facility 𝑝, and by-product storage and distribution facility 𝑞 from the list of 
pre-defined candidate points. 
 
In terms of mathematical formulation, by introducing binary variables:  
 𝑧𝑚ℎ,the binary variable for the biomass storage and distribution facility;  
 𝑧𝑝𝑘,the binary variable for the biofuel production plant;  
 
 𝑧𝑛𝑝, the binary variable for the biofuel storage and distribution facility; and  
 𝑧𝑜𝑞 , the binary variable for the by-product storage and distribution facility,  
 
together with:  
 𝑋𝐵𝑆ℎ,𝑡, the maximum capacity for the biomass storage and distribution 
facility;  
 𝑋𝑃𝑘,𝑡, the maximum capacity for the biofuel production plant;  
 𝑋𝑀𝑃𝑝,𝑡,  the maximum capacity for the biofuel storage and distribution 
facility;  and  
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 𝑋𝐵𝑃𝑞,𝑡,the maximum capacity for the by-product storage and distribution 
facility 𝑞,  
 
the maximum capacity of the selected storage and distribution facility and the 
production plant can be maintained: 
 
𝑧𝑚ℎ × 𝑋𝐵𝑆ℎ,𝑡 ≥ ∑ ∑ (𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡)𝑖∈𝐼𝑘∈𝐾  such that 𝑧𝑚ℎ ∈ {0,1} (59)   
𝑧𝑝𝑘 × 𝑋𝑃𝑘,𝑡 ≥ ∑ ∑ (𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡)𝑗∈𝐽𝑝∈𝑃  such that 𝑧𝑝𝑘 ∈ {0,1} (60)   
𝑧𝑛𝑝 × 𝑋𝑀𝑃𝑝,𝑡 ≥ ∑ ∑ (𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡)𝑗∈𝐽𝑐∈𝐶  such that 𝑧𝑛𝑝 ∈ {0,1} (61)   
𝑧𝑜𝑞 × 𝑋𝐵𝑃𝑞,𝑡 ≥ ∑ ∑ (𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡)𝑙∈𝐿𝑐∈𝐶  such that 𝑧𝑜𝑞 ∈ {0,1} (62)   
 
In order for the model to decide on the number of biomass feedstock, biofuel 
and by-product storage and distribution facilities based on the case study 
applied, the constraints of the storage and distribution facilities are set to be 
greater or equal to zero (i.e. non-negativity). Thus the model is also applicable 
in the situation where no storage is required for the biomass feedstock, biofuel 
and by-products (i.e. bypassing the use of storage spaces) and these are 
shipped directly to the next stage of the supply chain: 
 
∑ 𝑧𝑚ℎℎ∈𝐻 ≥ 0  (63)   
∑ 𝑧𝑛𝑝𝑝∈𝑃 ≥ 0  (64)  
∑ 𝑧𝑜𝑞𝑞∈𝑄 ≥ 0  (65)  
 
As for the biofuel production plant, in order for the conversion of biomass 
feedstock to biofuel to take place, at least one biofuel production plant needs to 
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be operational in the entire biofuel supply chain. Thus the number of biofuel 
plants in this constraint has to be greater than or equal to one. Again, the binary 
variable also helps in deciding the number of plants required and their 
respective locations: 
 
∑ 𝑧𝑝𝑘𝑘∈𝐾 ≥ 1  (66)   
 
4.6.3 Biomass Feedstock, Biofuel By-Product Balance within Biofuel 
Supply Chain 
Mass Balance 
𝐵𝐴𝑖,𝑠,𝑡 Biomass availability for biomass feedstock 𝑖 at biomass cultivation 
site 𝑠 at time 𝑡 (t) 
𝐷𝑀𝑃𝑗,𝑐 Amount of biofuel type 𝑗 demanded by customer 𝑐 (t) 
𝐷𝐵𝑃𝑙,𝑐 Amount of by-product 𝑙 demanded by customer 𝑐 (t) 
 
For mass balance, the quantities of biomass feedstock, biofuel and by-product 
going to the next biofuel supply chain sub-component have to be consistent 
with the previous sub-component:  
(1) The quantity of biomass feedstock to be transported from the biomass 
storage and distribution facility to the biofuel production plant has to be less 
than or equal to the individual amount of biomass feedstock stored in the 
biomass storage and distribution facility.  
 
The following mass balances apply to biofuel production plant 𝑘 , biofuel 
storage and distribution facility 𝑝, by-product storage and distribution facility 𝑞 
and customer 𝑐: 
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(2) The quantity of biofuel to be transported from the biofuel production plant 
to the biofuel storage and distribution facility has to be less than or equal to 
the amount of biofuel stored in the biofuel storage and distribution facility. 
(3) The quantity of by-product to be transported from the biofuel production 
plant to the by-product storage and distribution facility has to be less than 
or equal to the amount of biofuel stored in the by-product storage and 
distribution facility. 
(4) The quantity of biofuel to be transported from the biofuel storage and 
distribution facility to the customer has to be equal to the demand from the 
customer. 
(5) The quantity of by-product to be transported from the by-product storage 
and distribution facility to the customer has to be equal to the amount 
demanded by the customer. 
 
The explanations for the mass balances discussed in (1) to (5) are translated 
into the mathematical formulation below: 
 
𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡, the biomass feedstock transported from the biomass storage and 
distribution facility to the biofuel production plant cannot exceed 𝐶𝐵𝑆𝑖,𝑠,ℎ,𝑡, the 
biomass feedstock transported from the biomass cultivation site to the biomass 
storage and distribution facility: 
 
∑ (𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡)𝑘∈𝐾 ≤ ∑ (𝐶𝐵𝑆𝑖,𝑠,ℎ,𝑡)𝑠∈𝑆   (67)   
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𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡,the amount of biofuel shipped from the biofuel production plant to 
biofuel storage and distribution facility 𝑝 has to be greater than or equal to 
𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡,  the amount of biofuel shipped from the biofuel storage and 
distribution facility to the customer. The same constraint also applies to 
by-product 𝑙, where 𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡, the amount of by-product shipped from the 
by-product storage and distribution facility to the customer has to be less than 
𝐶𝐵𝑃𝑙,𝑘,𝑞,𝑡, the amount of by-product shipped from the biofuel production plant to 
by-product storage and distribution facility 𝑞: 
 
∑ (𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡)𝑐∈𝐶 ≤ ∑ (𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡)𝑘∈𝐾   (68)   
∑ (𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡)𝑐∈𝐶 ≤ ∑ (𝐶𝐵𝑃𝑙,𝑘,𝑞,𝑡)𝑘∈𝐾   (69)  
 
Also, the amount of biofuel and by-product shipped from the biofuel storage and 
distribution facility to the customer have to be equal to 𝐷𝑀𝑃𝑗,𝑐, the amount of 
biofuel demanded by customer 𝑐  and 𝐷𝐵𝑃𝑙,𝑐,  the amount of by-product 
demanded by the customer. This is to ensure that the right quantity of biofuel 
and by-products are delivered to the customer: 
 
∑ (𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡)𝑝∈𝑃 = 𝐷𝑀𝑃𝑗,𝑐  (70)   
∑ (𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡)𝑞∈𝑄 = 𝐷𝐵𝑃𝑙,𝑐  (71)  
 
Finally, the quantity of biomass feedstock, biofuel and by-product have to be 
greater than or equal to zero due to non-negativity at any point of the biofuel 
supply chain: 
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𝐶𝐵𝑆𝑖,𝑠,ℎ,𝑡 ≥ 0 (72)   
𝐶𝐵𝑆𝑆𝑖,ℎ,𝑘,𝑡 ≥ 0  (73)  
𝐶𝑀𝑃𝑗,𝑘,𝑝,𝑡 ≥ 0  (74)  
𝐶𝑀𝑃𝑆𝑗,𝑝,𝑐,𝑡 ≥ 0  (75)  
𝐶𝐵𝑃𝑙,𝑘,𝑞,𝑡 ≥ 0  (76)  
𝐶𝐵𝑃𝑆𝑙,𝑞,𝑐,𝑡 ≥ 0  (77)  
 
4.7 Conclusion 
In this chapter, the mathematical formulations of the research based 
methodology described in Chapter 3 are setup. Mixed integer linear 
programming (MILP) for the biofuel supply chain model is created to show the 
effects of maximising the economic gain and minimising the environmental 
impacts in the macroscopic view. Before going into depth with regard to the 
mathematical formulation, different scenarios for the biofuel supply chain 
sub-component ownership are investigated and a default scenario of full 
integration is used to set up the rest of the mathematical formulation. The model 
is divided into various sections to analyse each sub-component of the biofuel 
supply chain. The objective of the research, the net present value of the entire 
biofuel supply chain, is investigated with a discussion of the environmental 
impact and the graphical setup of each biofuel supply chain sub-component.  
 
In each section, the model in terms of objective function, income, cost, 
conversion, location, capacity and mass balance for the biofuel supply chain 
sub-components are setup. The 𝐶𝑂2  equivalent environmental impact is 
calculated and converted into monetary values and the various taxations and 
115 
 
 
subsidies are considered. Finally, all of the mentioned setups are put together 
and solved with case studies. 
 
In the next chapter, the case studies consisting of animal feed wheat to 
bioethanol supply chain production located in UK and the distribution method 
(centralised distribution vs. decentralised distribution) will be looked at. 
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CHAPTER 5: CASE STUDY SPECIFICATIONS 
 
5.1 Introduction 
In this chapter, two case studies relating to the biofuel supply chain are 
presented: 
 The first case study is a case study of a wheat-to-ethanol biofuel supply 
chain in the UK. The case study is used to demonstrate the capability and 
feasibility of the overall biofuel supply chain framework proposed in this 
research. 
 The second case study is a case study of the distribution of the main 
product (i.e. biofuel) in the UK. The case study investigates the effects of 
distribution method (centralised and decentralised transportation) on the 
biofuel supply chain, from the biofuel production plant to the customer.  
 
The case study is used to demonstrate the biofuel supply chain framework and 
the mathematical formulation proposed in Chapters 3 and 4. The aim of the 
case study is to maximise the net present value (NPV) and minimise the 
environmental impact by considering the following parameters: 
(1) Biomass cultivation sites 𝑠, 
(2) Biomass storage and distribution facilities ℎ,  
(3) Biofuel production plants 𝑘,  
(4) Main product (biofuel) storage and distribution facilities 𝑝, 
(5) By-product storage and distribution facilities 𝑞, 
(6) Types of transportation modes,  
(7) Government policies (e.g. taxations and subsidies) and,  
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(8) Environmental impacts. 
 
For all of the case studies, General Algebraic Modelling Systems (GAMS) with 
a mixed integer linear programming (MILP) solver are used. 
 
5.2 Biofuel Supply Chain Case Study 
5.2.1 Wheat-to-Ethanol Biofuel Supply Chain – the United Kingdom 
The biofuel supply chain under study is shown in Figure 5.1. It consists of three 
biomass cultivation sites 𝑠, in which biomass type 𝑖 (wheat) is transported to 
the three biomass storage and distribution facilities ℎ before being shipped to 
any of the three biofuel production plants 𝑘 for processing. The finished biofuel 
type 𝑗 (bioethanol) is then stored in any of the three biofuel storage and 
distribution facilities 𝑝 as indicated by the solid red arrows, and by-product 
type 𝑙 (e.g. 𝐷𝐷𝐺𝑆 and 𝐶𝑂2) is stored in any of the three by-product storage 
and distribution facilities 𝑞 as indicated by the green dashed arrows. The 
biofuel (bioethanol) is shipped to customer 𝑐 located in any of the five cities, 
depending on the demand, and the by-products are either sold to the customer 
or sent for disposal in the various cities as well. 
 
In this case study, for comparison, actual economic and environmental values 
collected from past literature and data are presented and converted into year 
2012 equivalents. This is due to the fact that the inflation calculator from The 
Bank of England can only show inflation up to 2012 (Bank of England, 2014). 
The standard conversion for the exchange rate (as of 2012), volume and 
distance used are shown in Table 5.1: 
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Figure 5.1: Biofuel supply chain case study setup 
(distances not drawn to scale) 
 
Table 5.1: Conversion factors as of 2012 
Exchange rate 
1 USD = 0.6229 GBP 
1 EURO = 0.864 GBP 
Volume 
1 𝑈𝑆 𝑔𝑎𝑙 = 3.7854𝑙 
1𝑡 of bioethanol = 1270𝑙 
1𝑙𝑏 = 0.0004536𝑡 
Distance 
1𝑚𝑖 = 1.609344𝑘𝑚 
Interest rate 
r = 0.5% 
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5.2.2 Objective Function 
The objective of this research is to maximise the biofuel supply chain’s net 
present value (NPV) with the objective function 𝑧. Since profit in the future time 
frame is considered, discount factor 𝑑𝑓𝑡 is used to obtain the present value of 
the future cash flow. The discount factors for various interest rates (𝑟 =
0.25%;  𝑟 = 0.5%;  𝑟 = 0.75) for the next 5 years are shown in Table 5.2. 
 
Table 5.2: Discount factors for various interest rates and years 
Year 𝐝𝐟𝐭(𝐫 = 𝟎. 𝟐𝟓%) 𝐝𝐟𝐭(𝐫 = 𝟎. 𝟓%) 𝐝𝐟𝐭(𝐫 = 𝟎. 𝟕𝟓%) 
1 0.997506 0.995025 0.992556 
2 0.995019 0.990075 0.985167 
3 0.992537 0.985149 0.977833 
4 0.990062 0.980248 0.970554 
5 0.987593 0.975371 0.963329 
 
Since, on average, the interest rate 𝑟 for 2012 is given as 0.5% by The Bank of 
England (Bank of England, 2014), we will use 𝑑𝑓𝑡(𝑟 = 0.5%) for the case study 
analysis. 
 
5.2.3 Biofuel Supply Chain Income 
The factors related to calculating the biofuel supply chain incomes from the 
various biofuel supply chain sub-components have been classified as:  
 Biomass storage and distribution facilities ℎ, 
 Biofuel production plants 𝑘, 
 Main product (i.e. biofuel) storage and distribution facilities 𝑝, and 
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 By-product storage and distribution facilities 𝑞. 
 
As discussed in Section 4.3, Biofuel Supply Chain Income, the proposed biofuel 
supply chain framework can be divided into three scenarios. However, for the 
purpose of this research, the third scenario (Figure 4.3) will be used as this is 
the most common scenario in the fuel industry due to the complexity of fuel 
production. Thus, based on the third scenario and Figure 4.3, the following 
assumptions are used for this case study: 
 The entire biofuel supply chain belongs to the same biofuel company, 
except the biomass cultivation site and the customer; 
 The biomass storage and distribution facility ℎ is managed by third party 
logistics (3PL) hired by the biofuel plant; 
 The biofuel production plant 𝑘  is owned and managed by the biofuel 
company; 
 The main product (biofuel) storage and distribution facility 𝑝 is managed by 
the biofuel company while the by-product storage and distribution facility 𝑞 
is managed by the 3PL; 
 The biofuel companies earn their incomes from the sales of the main 
product (biofuel) and other by-products such as 𝐷𝐷𝐺𝑆 and pure 𝐶𝑂2; 
 Biomass feedstock is pre-treated and processed at the biofuel production 
plant 𝑘.  
 
According to Global Milling (2012), for sales of biofuel type 𝑗, 𝑚𝑗, the unit 
selling price for biofuel at the biofuel storage and distribution facility is fixed to 
£626.12 per tonne (2012 equivalent). This is based on the ethanol spot (FOB 
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T2) price of €726.68 per tonne (as of April 2012). For by-product type 𝑙, the 
cost of pure captured 𝐶𝑂2 is assumed to be £8.00 per tonne. 𝐷𝐷𝐺𝑆, which 
contains 92% dry matter, 32% protein and 13.7kJ metabolizable energy, has a 
unit selling price of £121.00 per tonne in the UK. This is shown in Table 5.3 : 
 
Table 5.3: Selling price for various products (2012 equivalent) 
Product 
Selling Price 
(£/ton) 
Remark 
Bioethanol £626.12 2012; FOB T2 
DDGS £121.00 2012, 92% dry matter, 32% protein and 13.7kJ 
metabolizable energy 
CO2 £8.00 2012, pure captured 
 
Again, in this research, it is assumed that the entire biofuel supply chain (except 
the biomass cultivation site and the customer) is either owned or managed by 
the biofuel company or outsourced to third-party logistics (3PLs). Thus the 
income for all of the biofuel supply chain sub-components will be zero as there 
is no change of ownership of the product throughout the supply chain. The 
ownership will only change when the biofuel and by-products are delivered to 
the customer. Therefore, 𝑎𝑖 , the unit selling price per tonne of biomass 
feedstock at the biomass storage and distribution facility; 𝑐𝑗 , the unit selling 
price per tonne of biofuel at the biofuel production plant and 𝑑𝑙 , the unit selling 
price per tonne of by-product at the biofuel production plant are assumed to be 
zero in this case study. This is because the biomass feedstock, and the main 
and by-products are not “sold” to the biomass feedstock storage and 
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distribution facility ℎ, biofuel storage and distribution facility 𝑝 or by-product 
storage and distribution facility 𝑞. This is also consistent with the Section 4.3 
(Biofuel Supply Chain Income) scenario described above. Table 5.4 
summarises the income terms: 
 
Table 5.4: Income for the various sub-components of the supply chain 
Biofuel Supply Chain sub-component Price (£/ton) 
𝑎𝑖: unit selling price per tonne of biomass feedstock at 
biomass storage and distribution facility ℎ 
Wheat: £0.00 
𝑐𝑗: unit selling price per tonne of biofuel at biofuel 
production plant 𝑘  
Bioethanol: £0.00 
𝑑𝑙: unit selling price per tonne of by-product at biofuel 
production plant 𝑘 
𝐷𝐷𝐺𝑆: £0.00  
Pure 𝐶𝑂2: £0.00 
𝑚𝑗: unit selling price per tonne of biofuel at biofuel storage 
and distribution facility 𝑝 
Bioethanol: £626.12 
𝑛𝑙: unit selling price per tonne by-product at by-product 
storage and distribution facility 𝑞  
𝐷𝐷𝐺𝑆: £121.00  
𝐶𝑂2: £8.00 
 
5.2.4 Biomass Cultivation Site Sub-Component 
For the UK, where the case study is conducted, the four types of crops grown 
are wheat, barley, maize and oats, out of which wheat is the main farming crop. 
Figure 5.2 shows the distribution and quantity of wheat farming in the UK 
(Home-Grown Cereals Authority (HGCA), 2013). Data from HGCA also shows 
that in 2012 / 2013 (a 39 week period), a total of 3,812,000 tonnes of wheat were 
home-grown for human and industrial needs (HGCA, 2013). Wheat is normally 
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cultivated in the autumn (September to November) and harvested in August 
(National Association of British & Irish Millers (nabim), 2013). 
For this case study, the time horizon is set to be a total of six months 
(𝑡 = 𝐴𝑢𝑔, 𝑆𝑒𝑝𝑡, 𝑂𝑐𝑡, 𝑁𝑜𝑣, 𝐷𝑒𝑐, 𝐽𝑎𝑛), starting from when the harvest had just taken 
place. This is because there is an adequate amount of wheat for biofuel 
production during this period and the harvested wheat cannot be stored for a 
long period of time.  It is also assumed that 55% of the home grown crops are 
used for biofuel production. Therefore, 𝐵𝐴𝑖,𝑠,𝑡,  the biomass feedstock 
availability of wheat in this case study comes to 23,330 tonnes per month per 
biomass cultivation site. 
Also in this research, the optimum locations and capacities of the biofuel supply 
chain sub-components are selected via the use of optimisation. However, in 
order to enable the selection, the candidate locations are listed. Since multiple 
considerations (e.g. facility type and facility capacity) can be allocated to the 
same candidate location, it is possible to have multiple biofuel supply chain 
sub-components at the same geographical location (i.e. the facilities are built 
next to each other). 
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Figure 5.2: 2008 Distribution of wheat farming in UK  
(Source: 
http://www.hgca.com/kiwi/cerealsmap/areaMaps/wheat_inset_map.gif) 
 
5.2.5 Biomass Storage and Distribution Facility Sub-Component 
5.2.5.1 Biomass Storage Maximum Capacity 
In order to investigate the effects of different maximum capacities on the 
biomass storage and distribution facility, 𝑋𝐵𝑆ℎ,𝑡, the maximum capacity of the 
biomass storage and distribution facility is set to the following values: 
(1) 24,000 tonnes per month. This is to accommodate all of the harvested 
biomass feedstock harvested each month from the biomass cultivation site. 
(2) 12,000 tonnes per month, which is 50% of the biomass feedstock harvested 
each month from the biomass cultivation site. This value is chosen to 
investigate the effects of a large biomass storage and distribution facility (i.e. 
24,000 tonnes per month) and a small biomass storage and distribution 
facility (i.e. 12,000 tonnes per month) on the biofuel supply chain. 
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Although maximum capacities of 12,000 and 24,000 tonnes for the biomass 
storage and distribution facility are considered, they are thought to be two 
independent candidate points at the same location. The term can be 
adjusted to accommodate different sizes of biomass storage and distribution 
facility according to the nature of the case study for future research 
purposes. 
 
5.2.5.2 Biomass Feedstock Purchase Cost 
In this research, since the entire biofuel supply chain (except the biomass 
cultivation site and the customer) is either owned or managed by the biofuel 
company or outsourced to third-party logistics (3PLs), the biomass feedstock is 
purchased at the biomass storage and distribution facility sub-component (as 
explained in Section 4.3.1). Thus, 𝑏𝑖 represents the unit selling price per tonne 
of biomass feedstock at the biomass cultivation site, which is also the biomass 
feedstock purchase price by the biomass storage and distribution facility. Figure 
5.3  shows the price of UK wheat (2012 equivalent) between January 2003 
and December 2012. Based on this graph, it can be seen that the wheat price in 
the UK has been steadily increasing for the last 10 years. For the last two years, 
the price of wheat in the UK has been between £151.24 per tonne and £225.50 
per tonne. Thus for this study, 𝑏𝑖 will be taken to be £188.37 per tonne, which 
is the average price over the last 10 years, for all of the biofuel production 
plants.  
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Figure 5.3: UK wheat price vs. time plot 
 
5.2.5.3 Biomass Storage Costs 
In this case study, it is assumed that the biomass storage and distribution 
facility is managed by third party logistics (3PLs). As the 3PLs are charged 
based on the space usage (i.e. cost per unit of space used in the facility), thus 
𝐹𝐶𝐵𝑆ℎ,𝑡, the fixed cost for the biomass feedstock storage and distribution 
facility is assumed to be zero, and all costs related to the biomass storage are 
calculated in 𝑉𝐶𝐵𝑆ℎ,𝑡,the variable cost for the biomass feedstock storage and 
distribution facility. Thus, only the variable cost is considered. 
 
In order to calculate 𝐵𝑆𝐶ℎ,𝑡, the storage cost for the biomass storage and 
distribution facility, 𝛼ℎ, the unit cost storage for the biomass storage and 
distribution facility was found to range from USD$2 per tonne to USD$17 per 
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tonne (Duffy, 2007; Hess, Wright, and Kenny,, 2007; Khanna, Dhungana, and 
Clifton-Brown, 2008; Mapemba et al., 2008; Petrolia, 2008; America's Energy 
Future Panel on Alternative Liquid Transportation Fuels, 2009). Using these 
estimates, 𝛼ℎ is set to £10.97 per tonne (2012 equivalent). This is based on 
the USD$15 per tonne estimate in 2007 in the data retrieved.  
 
5.2.5.4 Biomass Distribution Costs 
Since the biomass storage and distribution facility is operated by 3PLs, there is 
no fix cost component for the biomass distribution cost. Thus, all costs related 
to biomass distribution are charged in terms of variable costs. This is consistent 
with the third scenario and 𝐵𝑆𝐶ℎ,𝑡, the storage cost for the biomass storage 
and distribution facility discussed above. 
Similar to the biomass feedstock storage cost, past research shows that there 
is a wide range of transportation costs for biomass feedstock. The cost varies 
from USD$11 per tonne per trip to USD$31 per tonne per trip (English et al., 
2006; Hess, Wright, and Kenny, 2007; Mapemba et al., 2008; Vadas, Barnett, , 
and Undersander, 2008; America's Energy Future Panel on Alternative Liquid 
Transportation Fuels, 2009). After some evaluations, 𝛽𝑠,ℎ, the transportation 
cost per tonne of biomass feedstock per unit distance from the biomass 
cultivation site to the biomass storage and distribution facility comes to £0.295 
per tonne per kilometre (2012 equivalent), based on an estimate of USD$0.25 
per tonne per mile in 2007. 𝛾ℎ,𝑘, the transportation cost per tonne of biomass 
feedstock per unit distance from the biomass storage and distribution facility to 
the biofuel production plant comes to £0.53 per tonne per kilometre (2012 
equivalent), based on an estimate of USD$0.45 per tonne per mile in 2007. 
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𝛽𝑠,ℎ  is lower than 𝛾ℎ,𝑘  because of the economy of scale. The biomass 
feedstock quantity transported from the biomass cultivation site to the biomass 
storage and distribution facility has to be greater or equal to the biomass 
feedstock quantity transported from the biomass storage and distribution facility 
to the biofuel production plant. Thus, larger transportation vehicles (e.g. large 
trucks) can be used for the transportation, which will bring the average unit 
transportation cost down. 
 
In order to reduce the cost of transportation for the biomass feedstock, an 
assumption made in this research during the candidate location selection is that 
the biofuel production plant 𝑘 is located in close proximity to the area of the 
biomass cultivation site. This is because the transportation cost is one of the 
largest costs of the entire biofuel supply chain Bertsekas (1998). For this case 
study, 𝛿𝑠,ℎ,  the distance from the biomass cultivation site to the biomass 
storage and distribution facility is calculated to be approximately 50 kilometres, 
which also applies to 𝜀ℎ,𝑘,  the distance from biomass storage and distribution 
facility ℎ  to biofuel production plant 𝑘. 
 
5.2.6 Biofuel Production Plant Sub-Component 
5.2.6.1 Candidate Location Selection 
In order to determine the optimum location(s) for the biofuel production plant 𝑘, 
candidate location(s) need to be identified first. Some requirements for the 
biofuel production site selections are considered, such as: 
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 The availability and choices of transportation for the biomass feedstock and 
the supporting resources; 
 The availability of supporting resources such as water, electricity, and 
labour pools; and 
 The size of the available land for the current construction and future 
expansion purposes 
 
Based on these requirements, in the past, different approaches were adopted. 
Some studies have allowed the current ethanol facilities to expand and utilise 
cellulosic feedstock (Morrow, Grifﬁn, and Matthews, 2006), while others have 
allowed a central city, which produces biomass, to be the candidate location 
(Mapemba, 2005; Mapemba et al., 2008; Tursun et al., 2008).  
In this study, the suitable candidate points for biofuel production plant 𝑘 are 
located closer to the wheat supply rather than the customer. This is considered 
in order to reduce the transportation distance for the wheat and so that the 
location of the wheat cultivation site can be pre-identified rather than the 
customer. A secondary consideration for the biofuel product plant 𝑘 candidate 
location(s) is a region with: 
 A skilled labour pool; 
 Utilities (e.g. water, and electricity); 
 A highway and deep sea port infrastructure, for the transportation of biofuel 
𝑗 and by-products 𝑙  
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After careful consideration and cross referencing with the available resources, 
three locations are identified for setting up the biofuel production plants 𝑘 in 
the UK:  
(1) Hull (𝑘1), where BP has identified a location to set up a bioethanol plant 
(Nichols, 2013) 
(2) Teesside (𝑘2), where Ensus has identified a location to set up a bioethanol 
plant (chemicals-technology.com, 2015) 
(3) Humberside (𝑘3 ), where Vireol has identified a location to set up a 
bioethanol plant. However, this plan is currently on hold as the company 
has re-commissioned another bioethanol plant in Virginia, USA (Vireol Ltd, 
2015). 
 
More candidate location(s) can be included for the biofuel supply chain model 
as required in future case study setups. 
 
5.2.6.2 Biofuel Production Plant Maximum Capacity 
In addition to the geographical locations identified in the previous section, 
𝑋𝑃𝑘,𝑡, the maximum capacities of the three wheat-to-bioethanol biofuel 
production plants located at Hull, Teesside and Humberside are also varied: 
(1) 𝑘1, the Hull wheat-to-bioethanol biofuel production plant is able to input 1.1 
million tonnes of wheat, and output 420 million litres of bioethanol together 
with 500,000 tonnes of Dried Distillers Grains with Solubles (𝐷𝐷𝐺𝑆) and 
300,000 tonnes of pure 𝐶𝑂2 per year.  
(2) 𝑘2,  the Teeside wheat-to-bioethanol production biofuel plant has a  
maximum capacity of 1.2 million tonnes of wheat input, with 400 million 
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litres of bioethanol output, as well as 350,000 tonnes of 𝐷𝐷𝐺𝑆 and also 
300,000 tonnes of pure 𝐶𝑂2 per year. 
(3) 𝑘3, the Humberside wheat-to-bioethanol biofuel production plant has a 
wheat intake of 500,000 tonnes, and outputs 200 million litres of bioethanol 
with 177,000 tonnes 𝐷𝐷𝐺𝑆 and 127,000 tonnes of pure 𝐶𝑂2 per year.  
 
Table 5.5 summarises the overall maximum capacities for each of the 
wheat-to-bioethanol biofuel plants. 
 
Table 5.5: Maximum capacity for various biofuel production plants  
 Plant 𝒌𝟏 Plant 𝒌𝟐 Plant 𝒌𝟑 
Wheat (million tonnes / year) 1.1 1.2 0.5 
Bioethanol (million litres / year) 420 400 200 
DDGS (thousand tonnes / year) 500 350 177 
Pure CO2 (thousand tonnes / year) 300 300 127 
More candidate location(s) can be included for the biofuel supply chain model 
as required in future case study setups. 
 
 
5.2.6.3 Biofuel Production Plant Costs 
In this research, 𝜁𝑖,𝑡 represents the unit purchase cost of biomass feedstock 
type 𝑖 (e.g. wheat), which is part of 𝐵𝑃𝐶𝑘,𝑡, the biomass related variable cost 
for biofuel production plant 𝑘 at time 𝑡. For the third scenario (Figure 4.3), in 
which the biofuel supply chain is fully owned by the biofuel company, no 
purchase is required from the biomass storage and distribution facility by the 
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biofuel production plant. This is because there is no change of ownership for 
the biomass feedstock. Thus 𝜁𝑖,𝑡 will be zero in this case study. As for 𝜒𝑖,𝑡, 
which refers to the material cost to process a unit of biomass at the biomass 
storage and distribution facility, this accounts for the materials, such as 
enzymes and catalysts, which are used to process the biomass feedstock. 
Similarly, since the biomass feedstock is pre-treated and processed at the 
biofuel production plant,  𝜒𝑖,𝑡 is also zero. 
 
As for 𝐹𝐶𝑃𝑘,𝑡, the fixed cost for the biofuel production plant, the total capital 
investment (TCI) for each of the biofuel product plants at Hull (𝑘1), Teeside (𝑘2) 
and Humberside (𝑘3) will be investigated. For both 𝑘1 and 𝑘2, the TCI comes 
to £310M (2012 equivalent) per plant, and 𝑘3 has the TCI of  £200M (2012 
equivalent). This is because 𝑘3 is a smaller plant compared to the others. In 
this study, it is assumed that each of the biofuel production plants has a 20-year 
life span and that the fixed cost is spread equally over these 20 years. Thus, the 
fixed cost for the biofuel production plants at Hull and Teeside comes to 
£1.4025M per month, while the biofuel production plant at Humberside has a 
fixed cost of £0.8333M per month.  
 
5.2.6.4 Biofuel Production Plant Conversion Technology  
Figure 5.4 shows the process pathway to be adopted for the biofuel supply 
chain case study for all three biofuel production plants. As mentioned previously 
in Section 3.3.4, the research methodology, since this research focuses on the 
biofuel supply chain as a whole, chemical processes within the biofuel plant and 
the conversion technologies will not be considered in great detail. Based on the 
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process flow shown in Figure 5.4, bioethanol will be produced from the wheat 
seed, along with 𝐷𝐷𝐺𝑆 and 𝐶𝑂2. However, due to the improvement in the 
efficiency of the process over the last 8 years, updated values for each of the 
biofuel 𝑗 and by-product 𝑙  conversion rates will be used instead. 
 
 
Figure 5.4: Basic wheat to bioethanol production pathway 
(source: Punter, et al.,, 2004) 
 
𝜂𝑘 , the unit material cost for biofuel production plant 𝑘 includes:  
 Enzymes (e.g. the acid, base and catalysts needed for biofuel production) 
 The raw materials that are used during the biomass feedstock to biofuel 
conversion (e.g. water) 
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 The by-products that are to be disposed of within the biofuel production 
plant (e.g. waste water) 
 
Based on information from National Renewable Energy Laboratory US (NREL) 
(2007) and Humbird et al., (2011), the costs of the enzymes comes to 
USD$0.158 per gallon of bioethanol produced, which is approximately £48.45 
per tonne of bioethanol (2012 UK equivalent), taking into account inflation. As 
for the other raw materials that are needed in the biomass feedstock to biofuel 
production process, they have a variable material cost of £30.94 per tonne of 
bioethanol (2012 UK equivalent), based on USD$0.101 per gallon of bioethanol. 
Finally, the fixed overhead cost for the biofuel plant is £52.37 per tonne of 
bioethanol (2012 equivalent). This is obtained based on USD$0.171 per gallon 
of bioethanol. This cost includes the waste disposal fees within the biofuel 
production plant. As for the water cost, it is assumed the price to be £0.1613 per 
tonne of bioethanol (2012 equivalent), based on USD$0.0001 per lb (NREL, 
2007; Humbird et al., 2011; Peters and Timmerhaus, 2003). Thus the total 𝜂𝑘, 
the unit material cost for biofuel production plant 𝑘 comes to £131.92 per 
tonne of bioethanol produced. For this case study, it is assumed that the Hull, 
Teesside and Humberside wheat to bioethanol biofuel production plants all 
have the same 𝜂𝑘. 
 
Similarly, 𝜃𝑘, the unit energy cost for biofuel production plant 𝑘 includes:  
 Electricity 
 Heat 
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Again, based on  information from NREL (2007) and Humbird et al., (2011), 
the electricity cost for 𝜃𝑘 (the unit energy cost for biofuel production plant 𝑘) 
comes to –£2.51 per tonne of bioethanol produced (2012 equivalent), from the 
initial data of –USD$0.108 per gallon of bioethanol generated. Therefore, the 
total energy cost comes to –£2.51 per tonne of bioethanol for this case study. 
Again, it is assumed that the Hull, Teesside and Humberside wheat to 
bioethanol biofuel plants have the same 𝜃𝑘. 
 
The conversion from wheat to bioethanol is given as 𝑓𝑖,𝑗,𝑘,  the conversion 
factor from biomass feedstock type 𝑖 to biofuel type 𝑗 at biofuel production 
plant 𝑘. As for the conversion factor from wheat to 𝐷𝐷𝐺𝑆 and 𝐶𝑂2, 𝑔𝑖,𝑙,𝑘, the 
conversion factor from biomass feedstock type 𝑖 to by-product 𝑙 at biofuel 
production plant 𝑘 is used. Unlike the carbon dioxide produced from a power 
station, which is mixed with nitrogen and water vapour in flue gases, this 𝐶𝑂2 
is captured from the fermentation process and liquefied on-site. It can be 
distributed in liquid form for use in a wide range of food, beverage and industrial 
markets. Thus it can be sold as by-product. Table 5.6 shows the summary of 
𝑓𝑖,𝑗,𝑘  and 𝑔𝑗,𝑙,𝑘  conversion factors used in the case study (Nichols, 2013; 
chemicals-technology.com, 2015; Vireol Ltd, 2015): 
 
Table 5.6: Conversion factors for the case study 
Variable Conversion type Plant k1 Plant k2 Plant k3 
𝑓𝑖,𝑗,𝑘 Bioethanol/wheat (tonne/tonne) 0.30065 0.26247 0.31496 
𝑔𝑖,𝑙,𝑘 DDGS/bioethanol (tonne/tonne) 1.51190 1.11125 1.12395 
 CO2/bioethanol (tonne/tonne) 0.90714 0.90714 0.80645 
136 
 
 
In this research, the concept of Energy Returned on Energy Invested (ERoEI) is 
not considered. However, the proposed model is able to accommodate ERoEI 
as a conversion factor, similar to those in Table 5.6. The detail of ERoEI can be 
considered in continuation of the research work. 
 
5.2.7 Main Product and By-Product Storage and Distribution Facility 
Sub-Component 
As discussed in Section 4.3, the proposed biofuel supply chain framework can 
be divided into three scenarios. However, for the purpose of this research, the 
third scenario (Figure 4.3) will be used as this is the most common scenario in 
the fuel industry due to the complexity of fuel production. In this case, all of the 
biofuel supply chain sub-components except the biomass cultivation site and 
the customer are managed by the biofuel company. A similar ethanol 
distribution system as that described in Figure 4.3 is shown in Figure 5.5 for the 
main product (biofuel) and by-product storage and distribution facility (U.S. 
Department of Agriculture, Agricultural Marketing Service (USDA-AMS), 2007). 
Since the biofuel storage and distribution facility is owned and managed by the 
biofuel company, the fixed cost for the storage and distribution facility will not be 
zero as the setting up of the infrastructure is required. Instead, the biofuel 
storage cost will be zero because the stored biofuel is not charged by the 
amount of space used.  
 
Thus, for the main product 𝑗  (bioethanol), since the biofuel storage and 
distribution facility is owned and managed by the biofuel company, there is no 
monthly charge for storing the bioethanol in the storage and distribution facility. 
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Thus, 𝐹𝐶𝑀𝑃𝑝,𝑡,  the fixed cost for biofuel storage and distribution facility 𝑝 is 
taken to be £15247.67 per month (2012 equivalent), based on the USD$5 
million TCI cost given by NREL and Humbird et al., (2011). The unit storage 
cost 𝜔𝑝, for biofuel storage and distribution facility 𝑝 is taken to be zero as the 
storage cost is independent of the amount of biofuel stored in the biofuel 
storage and distribution facility.  
 
 
Figure 5.5: Schematic of land-based truck and rail ethanol distribution system 
(source: USDA-AMS, 2007) 
 
For the by-products 𝑙 (𝐷𝐷𝐺𝑆 and 𝐶𝑂2), it is assumed that they are stored and 
managed by the 3PL, similar to the biomass feedstock. This also demonstrates 
the capability of the model where both the main product and by-products can be 
managed by either the biofuel company or the 3PL under the third scenario 
described in Section 4.3. In this case, 𝐹𝐶𝐵𝑃𝑞,𝑡, the fixed cost of the by-product 
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storage and distribution facility 𝑞 will be zero as there is no infrastructure cost 
required by the biofuel company. The unit storage costs 𝜉𝑞  for by-product 
storage and distribution facility 𝑞, 𝐷𝐷𝐺𝑆 is assumed to be the same as that for 
wheat, which turns out to be £10.97 per tonne, and pure 𝐶𝑂2 is assumed to 
have a storage cost of £42.45 per tonne (2012 equivalent), based on USD$60 
per tonne in the literature (Charles, 2009). 
 
5.2.7.1 Candidate Location Selection and Distribution Modes 
Before determining the optimum location(s) of the biofuel storage and 
distribution facility 𝑝 , the candidate location(s) of the biofuel storage and 
distribution facility need to be identified first. Some requirements for the biofuel 
storage and distribution facility site selection are considered: 
 The availability and choices of transportation for the biofuel; 
 Distance to the biofuel production plant, for ease of transportation; and 
 The size of the available land for the current construction and future 
expansion purposes. 
 
Ideally, the biofuel distribution facility should be located close to the biofuel 
plant, since it is managed by the biofuel plant. This is to minimise the time and 
cost incurred by unnecessary travel, as shown in Figure 5.5. The transportation 
cost is one of the largest costs of the entire biofuel supply chain Bertsekas 
(1998) Thus 𝜓𝑘,𝑝,  the distance from biofuel production plant 𝑘  to biofuel 
storage and distribution facility 𝑝 should be minimised, i.e. they should be 
within the same industrial area (i.e. within 50 kilometres). As for 𝜇𝑝,𝑐, the 
distance from biofuel storage and distribution facility 𝑝 to customer 𝑐, the 
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actual Google Map driving distance is used. In this case study, the customers 
for the biofuel are assumed to be located in the following cities: London, 
Manchester, Liverpool and Southampton, as these are some of the most 
populated cities within the United Kingdom. 
 
For by-product 𝑙, it is also assumed that the storage and distribution facility is 
within the same industrial area as the biofuel production plant, to minimise the 
transportation cost Bertsekas (1998). 𝜊𝑘,𝑞 , the distance from biofuel production 
plant 𝑘 to by-product storage and distribution facility 𝑞 is thus assumed to be 
50 kilometres. However, it is essential to emphasise that different distance(s) 
can be applied to separate case studies to calculate the optimal location(s) of 
the by-product storage facility if required. 𝜌𝑞,𝑐, the distance from by-product 
storage and distribution facility 𝑞  to customer 𝑐  is again calculated using 
Google Maps. However, the DDGS is assumed to be shipped to all customers 
except those in London, and pure CO2 is only shipped to Southampton and 
Manchester.  
 
Such a setup for the biofuel supply chain framework is able to demonstrate that: 
(1) The customer location(s) for the main product (biofuel) and the 
by-product(s) need not be the same; and  
(2) The main product and the by-product(s) need not be shipped to all cities, as 
different customers will have different demands for different products. 
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This is summarised in Table 5.7: 
Table 5.7: Shipping locations for customers 
Location 
j biofuel 
(Bioethanol) 
l by-product 
(𝑫𝑫𝑮𝑺) 
l by-product 
(Pure 𝑪𝑶𝟐) 
London X   
Manchester X X X 
Liverpool X X  
Southampton X X X 
Edinburgh  X  
 
The cost of transportation and distribution is a substantial component of the 
total cost of bioethanol production Bertsekas (1998). As a result, three types of 
transportation modes will be considered for the transportation of main product 𝑗 
(bioethanol) from biofuel production plant 𝑘 to biofuel storage and distribution 
facility 𝑝 and from biofuel storage and distribution facility 𝑝 to customer 𝑐, as 
well as by-products 𝑙  (𝐷𝐷𝐺𝑆 and 𝐶𝑂2) from biofuel production plant 𝑘  to 
by-product storage and distribution facility 𝑞 and from by-product storage and 
distribution facility 𝑞  to customer 𝑐  respectively. The three transportation 
modes in this research are namely: truck, rail and barge. Compared to other 
transportation modes such as air, truck, rail and barge are cheaper in terms of 
costs. Since it is assumed that both the biofuel and by-product storage and 
distribution facilities are close to the biofuel production plant, truck, rail and 
barge will be efficient modes of transportation in terms of cost and reliability. 
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Table 5.8 shows the overall information considered in the case study for the 
transportation modes (2012 equivalent). 
 
Table 5.8: Biofuel and by-product shipping information 
 Mode of transportation 
 Truck Rail Barge 
Loading/unloading (£/tonne) 4.72 3.54 3.54 
Time-dependent (£/hour) 22.52/truckload N.A. N.A. 
Fixed cost (£/tonne) N.A. 20.77 3.30 
Distance-dependent (£/km) 0.568/truckload 0.011/tonne 0.022/tonne 
Capacity (tonnes) 23.85 98.36 3755.59 
Source: adapted from Jenkins et al., 2008 
 
As shown in Table 5.9, for 𝜆𝑘,𝑝, the unit transportation cost from the biofuel 
production plant to the biofuel storage and distribution facility, all three types of 
transportation modes are used for the comparison. For 𝜈𝑝,𝑐,  the unit 
transportation cost from the biofuel storage and distribution facility to the 
customer, both transportation modes, truck and rail, are used. For 𝜋𝑘,𝑞 , the unit 
transportation cost from the biofuel production plant to the by-product storage 
and distribution facility for 𝐷𝐷𝐺𝑆, the transportation modes of truck and train 
are used. As for the pure 𝐶𝑂2 transported from biofuel production plant 𝑘 to 
by-product storage and distribution facility 𝑞, truck and rail are used. Finally, for 
𝜚𝑞,𝑐, the unit transportation cost from the by-product storage and distribution 
facility to customer 𝑐, for 𝐷𝐷𝐺𝑆 the transportation modes are truck and rail, 
and for pure 𝐶𝑂2, the transportation mode is truck. The reason for this is that 
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the quantity of 𝐷𝐷𝐺𝑆 produced each month is much higher than that of 𝐶𝑂2 . 
Again, the usage of different transportation modes is able to demonstrate that: 
(1) The transportation mode(s) used for the biofuel and by-product(s) need not 
be the same. 
(2) The biofuel and by-product(s) need not use all of the available 
transportation modes, as it will be more suitable to use different 
transportation modes for different demographics. 
 
Table 5.9: Biofuel and by-product transportation modes used 
 𝝀𝒌,𝒑 𝝂𝒑,𝒄 𝝅𝒌,𝒒 𝝔𝒒,𝒄 
Transportation 
modes 
Bio-ethanol Bio-ethanol DDGS Pure 
CO2 
DDGS Pure 
CO2 
Truck X X X X X X 
Rail X X X X X  
Barge X      
 
5.2.7.2 Biofuel and By-product Storage and Distribution Maximum 
Capacity 
In order to investigate the delivery pattern for the bioethanol from the biofuel 
production plant to the biofuel storage and distribution facility, it is assumed that 
𝑋𝑀𝑃𝑝,𝑡, the maximum capacity of the biofuel storage and distribution facility 
consists of the total biofuel produced by all of the biofuel production plants, 
which comes to approximately 66,930 tonnes per month. Therefore, the 
preferred biofuel storage location can be seen. Similarly 𝑋𝐵𝑃𝑞,𝑡, the maximum 
capacity of the by-product storage and distribution facility, consists of the 
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maximum capacity of 𝐷𝐷𝐺𝑆  and pure 𝐶𝑂2  individually, which is 85,584 
tonnes per month for each of the by-products. It is noted here that these 
maximum capacity values can be adjusted to investigate the effect of storage 
location-allocation on the biofuel supply chain as required, for both the main 
product and the by-products. 
 
5.2.8 Taxation and Subsidy 
Since there is no other taxations implemented on biofuel in the UK, it can be 
assumed that 𝑇𝑟𝐵𝑆ℎ,𝑡,  the taxation rate for the biomass storage and 
distribution facility, 𝑇𝑟𝑀𝑃𝑝,𝑡 , the taxation rate for the biofuel storage and 
distribution facility, and 𝑇𝑟𝐵𝑃𝑞,𝑡, the taxation rate for the by-product storage 
and distribution facility are all 20%, which is the current VAT taxation rate. 
However, for 𝑇𝑟𝑃𝑘,𝑡, the taxation rate for the biofuel production plant, this is 
60% of the income (pump price), as stated by the HMRC (HMRC, 2011). At the 
same time, since there is no fixed or variable subsidy for biofuel production in 
the United Kingdom, all of the fixed subsidies (𝐹𝑟𝐵𝑆ℎ,𝑡, the fixed subsidy rate 
for the biomass storage and distribution facility; 𝐹𝑟𝑃𝑘,𝑡, the fixed subsidy rate 
for the biofuel production plant; 𝐹𝑟𝑀𝑃𝑝,𝑡, the fixed subsidy rate for the biofuel 
storage and distribution facility; and 𝐹𝑟𝐵𝑃𝑞,𝑡,  the fixed subsidy for the 
by-product storage and distribution facility) are zero. This applies to the variable 
subsidies ( 𝑉𝑟𝐵𝑆ℎ,𝑡,  the variable subsidy for  the biomass storage and 
distribution facility;  𝑉𝑟𝑃𝑘,𝑡, the variable subsidy for the biofuel production plant;  
𝑉𝑟𝑀𝑃𝑝,𝑡, the variable subsidy rate for the biofuel storage and distribution facility; 
and 𝑉𝑟𝐵𝑃𝑞,𝑡, the variable subsidy for the by-product storage and distribution 
facility) as well. This is because no other subsidies are given to biofuels in the 
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UK at the moment. However, due to the flexibility of the designed biofuel supply 
chain framework, it would be possible to include both variable taxation rates 
and subsidy rates into the formulation as required in the future. 
 
5.2.9 Biofuel and By-Product Customer Demand 
In order for the biofuel supply chain to be operational, 𝐷𝑀𝑃𝑗,𝑐, the amount of 
biofuel demanded by the customer and 𝐷𝐵𝑃𝑙,𝑐,  the amount of by-product 
demanded by the customer must be fulfilled. Table 5.10 shows the demand for 
the main product and by-products generated based on the population size of 
the city for the different cities. An estimated number is given as the demand for 
the biofuel and by-products based on the city’s population from the Office for 
National Statistics:  
 
Table 5.10: Various customer demands (unit: tonnes) 
Location biofuel by-product 
(DDGS) 
by-product 
(Pure CO2) 
London 20,000   
Manchester 16,000 20,000 30 
Liverpool 13,000 14,000  
Southampton 10,000 12,000 30 
Edinburgh  10,000  
 
Similarly, to demonstrate the flexibility of the biofuel supply chain framework, 
the different demands from different customers in the city are used to 
demonstrate that: 
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(1) The demand(s) for biofuel and by-product(s) need not be the same, and  
(2) The customers need not demand both the biofuel and by-product(s), as 
different customers in different cities may have different demands. 
 
5.2.10 Environmental Impact 
In terms of the environment, the carbon emissions for each biofuel supply chain 
component are calculated based on the formulation in Section 4.5.6. Here, the 
emission data from Woods, Brown, and Estrin (2005) and HGCA (2013) are 
used. These include the emissions from the biomass feedstock storage and 
distribution (𝑏𝑠𝑡), biofuel production (𝑓𝑝), main product (biofuel) storage and 
distribution (𝑚𝑝𝑠𝑡) and by-product storage and distribution (𝑏𝑝𝑠𝑡) sets. 
The quantity of 𝐶𝑂2 in all of the stages proposed is measured in equivalents of 
per tonne of biofuel produced ( 𝑘𝑔𝐶𝑂2𝑒/𝑡𝑜𝑛𝑛𝑒 ). The biofuel storage and 
production are measured according to the information provided by  the 
Bioethanol Greenhouse Gas Calculator by Woods, Brown, and Estrin (2005) 
and HGCA (2013), while the biofuel transportation is measured according to 
Guidelines to Defra / DECC’s GHG Conversion Factors for Company Reporting 
(Department for Environment, Food & Rural Affairs (Defra) and Department of 
Climate Change (DECC), 2011). This is then converted into monetary values 
and incorporated into the objective function. 
 
For 𝑏𝑠𝑡, the biomass feedstock storage and distribution set, stages 𝑏ℎ𝑡, the 
biomass handing, storage and pre-processing and 𝑏𝑡,  the biomass 
transportation are considered respectively. The wheat grain is assumed to have 
a moisture content of 16% before drying and 3% after drying. The 
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transportation distance between the biofuel cultivation site and the biomass 
storage and distribution facility as well as between the biomass storage and 
distribution facility and the biofuel production plant is assumed to be within 
50km. The average 𝐶𝑂2 emission factor recommended by McKinnon for road 
transport operations is 62 gCO2/tonne-km. This value is based on an average 
load factor of 80% of the maximum vehicle payload and 25% for empty running 
(The European Chemical Industry Council (ecfic), 2011). The emissions data is 
shown in Table 5.11 (Woods, Brown, and Estrin 2005; HGCA 2013; ecfic, 
2011). 
 
Table 5.11: Emissions data for biomass feedstock storage and distribution set 
Life Cycle 
Stage 
Process GHG Emissions 
(kgCO2eq/t 
bioethanol) 
GHG Emissions 
(kgCO2eq/t-km 
bioethanol) 
𝑏ℎ𝑡 Diesel fuel 174.8 N.A 
 Electricity 20.4 N.A 
𝑏𝑡 Road N.A 0.062 
 
For the biofuel production 𝑓𝑝 set, the life cycle stages contain fuel production 
𝑝𝑙 and fuel transportation 𝑓𝑝𝑡 stages. Here, the energy supply is generated 
from the natural gas boiler (NG boiler) and grid, and 𝐷𝐷𝐺𝑆 are produced as 
animal feed (Woods, Brown, and Estrin 2005; HGCA, 2013). In terms of 
transportation, the biofuel production plant is again within 50km of the biofuel 
storage and distribution facility. For the rail transportation, the average 
emissions value is 22 gCO2 per tonne-km. As for transportation by barge, a 
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small container barge (90TEU) is used, with an average emissions value of 
44.5 gCO2 per tonne-km (ecfic, 2011). The values are shown in Table 5.12 : 
 
Table 5.12: Emissions data for biofuel production set 
Life Cycle 
Stage 
Process GHG Emissions 
(kgCO2eq/t 
bioethanol) 
GHG Emissions 
(kgCO2eq/t-km 
bioethanol) 
𝑝𝑙 Natural gas 717 N.A 
 Imported 
electricity 
232 N.A 
𝑓𝑡 Road N.A 0.062 
 Rail N.A. 0.022 
 Barge N.A. 0.0445 
 
As for 𝑚𝑝𝑠𝑡, the main product storage and distribution sets, 𝑚𝑝𝑝𝑡, the main 
product handling and storage, as well as 𝑚𝑝𝑡, the main product transportation 
are considered. In this case, it is assumed that the storage has zero emission 
factors, as emissions for handling have already considered in the biofuel plant 
stage (since the biofuel storage and distribution facility is owned and managed 
by the biofuel company). The same values for road and rail transportation 
emissions are used in Table 5.13. 
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Table 5.13: Emissions data for main product storage and distribution sets 
Life Cycle 
Stage 
Process GHG Emissions 
(kgCO2eq/t 
bioethanol) 
GHG Emissions 
(kgCO2eq/t-km 
bioethanol) 
𝑚𝑝𝑝𝑡 Storage 0 N.A 
𝑚𝑝𝑡 Road N.A 0.062 
 Rail N.A. 0.022 
 
As for 𝑏𝑝𝑠𝑡, the by-product storage and distribution set, 𝑏𝑝𝑝𝑡, the by-product 
handling and storage, and 𝑏𝑝𝑡, the by-product transportation are considered. 
The values are shown in Table 5.14: 
 
Table 5.14: Emissions data for by-product storage and distribution set 
Life Cycle 
Stage 
Process GHG Emissions 
(kgCO2eq/t 
bioethanol) 
GHG Emissions 
(kgCO2eq/t-km 
bioethanol) 
𝑏𝑝𝑝𝑡 Storage 0 N.A 
𝑏𝑝𝑡 Road N.A 0.062 
 Rail N.A. 0.022 
 
Finally, the environment levy 𝑒𝑙 imposed by the United Kingdom is set to 
1.420p per kg by the HRMC, as of 2013 (HMRC, 2014). Thus, this value is used 
to calculate the excess costs paid by the biofuel supply chain in terms of 
exceeding the environmental restrictions set by the UK government. 
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5.3 Transportation Method Analysis 
As mentioned throughout this research, the cost of transportation and 
distribution is a substantial component of the total cost of the biofuel supply 
chain Bertsekas (1998). Thus, it is essential to look at the transportation modes 
used throughout the biofuel supply chain case study described above. Apart 
from that, this research also looks at another important aspect related to the 
biofuel supply chain, namely centralised and decentralised methods of 
distribution. 
 
For this section of the chapter, a new case study is formulated to investigate the 
effect of centralised vs. decentralised distribution methods and their effect 
downstream in the biofuel supply chain, namely from the biofuel production 
plant to the customer. This new case study consists of a biofuel production 
plant located in Birmingham, UK, which has seven customers around the 
country (Peterborough, Manchester, Sheffield, Bristol, Cambridge, Oxford, & 
Liverpool). The plant can deliver bioethanol, its main product, in two ways:  
(1) Centralised distribution: delivery using a 6.5 payload tonne diesel trucks 
that the biofuel company owns, which can be used to deliver biofuel from 
the biofuel production plant to customers across the UK, directly 
(2) Decentralised distribution: Nine candidate distribution centres are 
considered to deliver the biofuel. In terms of deliveries, trucks like those in 
the centralised distribution (6.5 payload tonne diesel trucks) are used for 
delivery between the biofuel production plant and the distribution centres 
and between the candidate distribution centres and the customers. Later, 
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electrical trucks are used between the candidate distribution centres and 
the customers. 
 
In this case study, actual travelling distances are used, as well as economic and 
environmental data (UK 2012 equivalent values). The inflation rate is calculated 
using the Bank of England inflation calculator (Bank of England, 2013) at the 
2012 equivalent inflation rate. 
The assumptions for this case study are: 
 Both the plant and the distribution centres have a lifespan of 20 years; 
 The demand for ethanol is dependent on the population density of the cities 
(i.e. the higher the population, the higher the demand for bioethanol); 
 The cost for a loaded truck and an empty truck are the same. 
 
Some factors such as the biofuel production plant fixed and variable costs and 
the maximum capacities of the plants are deliberately kept the same in this 
case study so as to highlight the effects of centralised vs. decentralised 
distribution in the biofuel supply chain. 
 
5.3.1 Biofuel Production Plant Setup 
The biofuel plant under study is a 60M gallon per year lignocellulosic biomass 
to ethanol plant, using dilute-acid pre-treatment with enzymatic hydrolysis of 
corn stover (Humbird et al., 2011; Black & Veatch Ltd., 2008). The biofuel 
production plant fixed costs are assumed to be £14.874M per year. The 
variable costs come to £1.117 per gallon of bioethanol (Humbird et al., 2011; 
Black & Veatch Ltd., 2008). The monthly production for the plant is 5M gallon 
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per month (Humbird et al., 2011; Black & Veatch Ltd., 2008). The demands by 
the various customers are assumed in Table 5.15  with respect to the 
population density of the city, based on data from the Office for National 
Statistics (unit: M gal per month): 
 
Table 5.15: Population density and demand 
City Urban Population Density  
(2010 est.) 
Demand  
(M gal/mth) 
Sheffield 10,228/𝑠𝑞 𝑚𝑖 (3,949.2/𝑘𝑚2) 1.00 
Bristol 9,420/𝑠𝑞 𝑚𝑖 (3,639/𝑘𝑚2) 0.75 
Manchester 11,170/𝑠𝑞 𝑚𝑖 (4,313/𝑘𝑚2) 1.25 
Peterborough 1,310/𝑠𝑞 𝑚𝑖 (505/𝑘𝑚2) 0.15 
Cambridge 2,815/𝑠𝑞 𝑚𝑖 (1,087/𝑘𝑚2) 0.35 
Oxford 8,500/𝑠𝑞 𝑚𝑖 (3,270/𝑘𝑚2) 0.50 
Liverpool 10,310/𝑠𝑞 𝑚𝑖(3,980.7/𝑘𝑚2) 1.00 
 
In terms of environmental cost, a unit carbon price of £14.21 is used based on 
the UK carbon price floor on the ICE-ECX exchange end of day settlement price  
(Mackenzie, 2011). In this study, as the biofuel production plant’s impact is 
calculated with respect to the amount of main product produced, the unit biofuel 
impact is given as 0.687kg per gallon of bioethanol. The biofuel production 
plant’s fixed environmental impact is included in the unit product impact. The 
environmental credit given to the plant is taken to be zero.  
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5.3.2 Centralised Distribution Model Setup 
For the centralised distribution model, it is assumed that a truck with a payload 
of 6.5 tonnes is used for all deliveries. The truck operates for 252 days per year 
and the unit transportation cost comes to £0.151 per mile per gallon 
(Department of Transport, 2013). The actual travelling distances between the 
plant and the customers are given in Table 5.16 and Figure 5.6: 
 
Table 5.16: Customer city and the relative distance from the biofuel production 
plant 
City Distance 
Sheffield 90.3 𝑚𝑖 
Bristol 87.2 𝑚𝑖 
Manchester 83.3 𝑚𝑖 
Peterborough 85.7 𝑚𝑖 
Cambridge 98.6 𝑚𝑖 
Oxford 71.0 𝑚𝑖 
Liverpool 5.0 𝑚𝑖 
 
For the environmental impact, a unit transportation impact of 0.5kg per gallon of 
biofuel is assumed for the truck. The fixed environmental impact for the truck is 
already incorporated into the calculation of the unit transportation impact. 
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Figure 5.6: Centralised distribution setup 
 
5.3.3 Decentralised Distribution Model Setup 
The decentralised distribution model is considered in two stages: 
(1) Between the biofuel production plants and the candidate distribution 
centres, and  
(2) Between the candidate distribution centres and the customers.  
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In the decentralised distribution model setup, all of the biofuel is shipped to the 
distribution centres before being transported to the customers. The blue marker 
in Figure 5.7 indicates the location of the biofuel production plant. Pink markers 
show the possible candidate locations of the distribution centres for 
decentralised distribution. The green markers are the locations of the 
customers. Various parameters for the nine candidate distribution centres are 
added into the case study. The distances between the biofuel production plant 
and the candidate distribution centres are given in Table 5.17: 
 
Table 5.17: Candidate distribution centres and the relative distance from the 
biofuel production plant 
City Distance 
Derby 41.2 𝑚𝑖 
Leicester 42.7 𝑚𝑖 
Coventry 19.4 𝑚𝑖 
Gloucester 52.8 𝑚𝑖 
Northampton 54.1 𝑚𝑖 
Stoke-on-Trent 44.9 𝑚𝑖 
Royal Leamington Spa 27.1 𝑚𝑖 
Stafford 29.1 𝑚𝑖 
Redditch 5.3 𝑚𝑖 
 
The capacity of the individual candidate distribution centres is set to 5M gallons 
per month with a fixed cost of £0.1755M per year, assuming a 20 year lifespan 
(Humbird et al. 2011). Again, the distribution fixed cost is included in the centre 
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storage cost, which comes to £0.85 per gallon of ethanol for all of the candidate 
distribution centres. 
 
 
Figure 5.7: Decentralised distribution setup 
 
The fixed environmental impacts are assumed to be the same for all candidate 
distribution centres, and are given as 0.09M tonnes per year. No environmental 
credits are given to any of the candidate distribution centres.  
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The transportation mode used by the decentralised distribution method is 
separated into two scenarios: 
(1) The same 6.5 payload tonne diesel trucks (used in centralised distribution) 
are used between the biofuel production plant and the candidate 
distribution centres, as well as between the candidate distribution centres 
and the customers.  
(2) Electric trucks are used between the candidate distribution centres and the 
customers, while the diesel truck continues to be used for delivery between 
the biofuel production plant and the candidate distribution centres.  
 
The operating cost for an electric truck is given as 6.5p/mil (Smith Electric 
Vehicles, 2012). The actual travelling distances between the candidate 
distribution centres and the customers are given in Table 5.18 . The delivery 
cost comes to £0.151 per mile per gallon (Department of Transport, 2012), and 
the environmental impact for the truck remains the same as in the centralised 
distribution scenario (i.e. 0.5kg per gallon biofuel)  and is zero for the electric 
truck (Smite Electric Vehicles, 2012). 
 
The decentralised distribution scenario is then further expanded to consider the 
effect of limiting the number of candidate distribution centres. Instead of 
allowing all of the candidate distribution centres to be able to be selected, the 
maximum number of candidate distribution centres allowed is restricted for the 
model. 
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Table 5.18: Customer city and the relative distance from the candidate distribution centres 
City 
(Unit: 𝒎𝒊) 
Derby Leicester Coventry Gloucester Northampton Stoke-on-Trent Royal 
Leamington 
Spa 
Stafford Redditch 
Sheffield 35.8 73.3 91.6 146.0 103.0 48.3 99.1 60.3 105.0 
Bristol 134.0 129.0 103.0 39.5 114.0 126.0 90.4 110.0 76.2 
Manchester 59.0 112.0 104.0 131.0 133.0 45.2 115.0 55.5 101.0 
Peterborough 69.4 41.6 66.4 135.0 43.7 98.5 29.4 102.0 95.8 
Cambridge 109.0 71.4 79.5 148.0 56.6 138.0 90.1 122.0 110.0 
Oxford 107.0 83.1 59.8 48.0 45.1 119.0 47.9 103.0 68.0 
Liverpool 84.0 123.0 116.0 146.0 147.0 59.9 130.0 70.2 116.0 
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5.4 Conclusion 
In this chapter, the following case studies are looked at: 
 The first case study is a case study of a wheat-to-ethanol biofuel supply 
chain in the UK. The case study is used to demonstrate the capability and 
feasibility of the overall biofuel supply chain framework proposed in this 
research. 
 The second case study is a case study of distribution of the main product 
(i.e. biofuel) in the UK. The case study investigates the effects of 
distribution method (centralised and decentralised transportation) on the 
biofuel supply chain, from the biofuel production plant to the customer.  
 
Actual data found in the past literature as well as current market trends are 
used to formulate the case studies for the biofuel supply chain framework and 
the distribution mode under research. All values used in this chapter are 
converted into UK 2012 equivalents for consistent analysis. The case studies 
are then put into mixed integer linear programming (MILP) for optimisation. For 
the first case study, the optimum locations of the biomass storage and 
distribution facility, the biofuel production plant, the main product storage and 
distribution facility, and the by-product storage and distribution facility are 
found, together with the desired quantity for each of the biofuel supply chain 
components as well as the transportation modes used to ship the biomass, 
bioethanol and by-products. For the second case study, centralised and 
decentralised distribution setups are compared, together with the optimum 
locations for the distribution centres in the decentralised distribution setup. 
From these case studies, the capabilities of the biofuel supply chain framework 
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under research can be shown to a large extent and tested under different 
scenarios. 
 
In the next chapter, the results obtained from the case studies will be 
investigated and analysed. Some analysis will also be performed to indicate 
that the biofuel supply chain framework under study is sustainable and robust. 
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CHAPTER 6: RESULT ANALYSIS 
 
6.1 Introduction 
The mathematical formulation described in Chapter 4 with the values in 
Chapter 5 is solved in General Algebraic Modelling Systems (GAMS) using a 
mixed integer linear programming (MILP) CPLEX solver.  
 
The results from the first case study (a wheat-to-ethanol biofuel supply chain in 
the UK) will show the selection for each biofuel supply sub-component:  
 Biomass storage and distribution facility ℎ.  
 Biofuel production plant 𝑘.  
 Bioethanol storage and distribution facility 𝑝.  
 By-product storage and distribution facility 𝑞.  
 Delivery routes from biomass cultivation site 𝑠 to customer 𝑐.  
 
The results for the second case study (main product (i.e. biofuel) distribution in 
the UK) will show the more efficient type of distribution method (centralised vs. 
de centralised) as well as the cost analysis of the use of different types of 
transportation (diesel trucks and electrical trucks). 
 
6.2 Case Study 1: Wheat-to-Bioethanol Biofuel Supply Chain in UK 
The mathematical formulation in Chapter 4 and the parameters in Chapter 5 
are used to solve this case study. According to the primary result obtained, the 
overall cost of starting and maintaining a biofuel (bioethanol) supply chain in 
the UK is still relatively high, since two out of three biofuel plants in the case 
study are unable to make any profit based on the data inputted into the 
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mathematical formulation. The only biofuel plant that is able to make profit is 
the one located in Hull. Some possible reasons for this are: 
(1) The high purchase cost of wheat in the UK. Currently in UK, the biofuel 
plants planned and constructed are still based on the 1st generation biofuel 
production technology, which is the conversion of animal feed wheat into 
bioethanol. Although the wheat is not the same type of wheat used for 
human consumption, it is used for animal feeding purposes. Based on 
Figure 5.3, the price of the wheat used for biofuel production has doubled 
in the last 10 years, rising from approximately £100.00 per tonne in 
January 2003 to more than £225.00 per tonne in July 2013. In the case 
study, the price of £188.37 per tonne of wheat is used. This corresponds to 
the average wheat price for the last three years (i.e. July 2010 to July 
2013). 
(2) The poor conversion rate from wheat to bioethanol. As mentioned in 
Chapter 2, there is a threshold above which the biofuel technology cannot 
produce enough biofuel without threatening food supplies and biodiversity. 
This implies that as of now, the efficient conversion rate for converting 
wheat to bioethanol is between 25% and 30%. Thus, a large amount of 
wheat is needed to produce the required quantity of bioethanol. This will 
again lead to the point above and reflect on the costs. 
 
From the two points mentioned above, the poor conversion rate and the high 
cost of wheat drive the total cost of the biofuel supply chain upwards. Based on 
this result, the cost of bioethanol production in the UK comes to approximately 
£0.624 per litre, £0.499 per litre and £0.611 per litre, for the three selected 
biofuel production plant respectively, before taxations are applied.  
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6.2.1 Case Study 1 Result Analysis 
Figure 6.1 shows the result of the wheat-to-bioethanol biofuel supply chain 
case study flow from biomass cultivation site 𝑠 to the end customers.  
 
 
Figure 6.1: Result for wheat-to-bioethanol biofuel supply chain case study 
(biofuel) 
 
For biomass storage and distribution facility ℎ, since any of the three biofuel 
storage and distribution facility is able to fulfil the biomass feedstock 
requirement from biomass cultivation site 𝑠, biomass storage and distribution 
facility ℎ1 is selected. The effect of storage capacity on the biomass storage 
and distribution facility will be looked at in the sensitivity analysis later. 
 
Based on the setup in the wheat-to-bioethanol biofuel supply chain case study, 
the total maximum capacity of the three 𝑘 biofuel production plants is greater 
than the total amount of bioethanol produced. The result shows that the biofuel 
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production plant in Hull (𝑘1) and the biofuel production plant inHumberside (𝑘3) 
will be fulfilled first before the biofuel production plant in Teesside (𝑘2) is 
considered. This is because of the higher conversion rate for the biofuel 
production plants in Hull and Humberside. In terms of the proposed Biofuel 
Supply Chain Framework (model) validity, this result is sensible as the overall 
lowest cost biofuel supply chain sub-component (i.e. biofuel production plant) 
will be given priority due to cost efficiency. It should be noted however, that in 
this case study, biofuel production plant 𝑘3 (Humberside) is still making a loss 
compared to biofuel production plant 𝑘1 (Hull), although 𝑘3 (Humberside) is 
still being used for biofuel production. In the sensitivity analysis, the effects of 
variable conversion rates in terms of biofuel production will be looked at. 
 
As for the bioethanol storage and distribution facility 𝑝,  only bioethanol 
storage facilities 𝑝1 and 𝑝3 are used. Interestingly, biofuel production plant 
𝑘2 (Teesside) ships its biofuels to bioethanol storage facility 𝑝1, and biofuel 
production plant 𝑘3  (Humberside) ships its bioethanol to both bioethanol 
storage facliities 𝑝1 and 𝑝3 respectively. This is because it is more cost 
efficient in terms of transportation mode to ship the biofuel to the respective 
biofuel storage and distribution facility at this stage, rather than directly to the 
customers later. Bioethanol is then shipped to the various customers 
according to zones: 
 North: Manchester and Liverpool 
 South: London and Southampton 
 
From the biofuel storage and distribution facility, bioethanol is shipped to 
Manchester and Liverpool from biofuel production and distribution facility 𝑝1, 
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and to London and Southampton from biofuel production and distribution 
facility 𝑝3. In terms of the proposed Biofuel Supply Chain Framework validity, 
this result is sensible as Manchester and Liverpool are considered to be in the 
northern part of the UK while London and Southampton are considered to be in 
the south of the UK. Such a delivery method is able to reduce unnecessary 
travel. This result also corresponds to Table 5.7 in Chapter 5, where only 
customers from London, Manchester, Liverpool and Southampton have 
demanded bioethanol from the case study. Thus, there is no shipment of 
bioethanol to Edinburgh. In terms of transportation mode for the delivery, train 
is preferred as the primary bioethanol transportation mode if possible. This is 
because the total unit transportation cost by train is much lower than that by 
truck, due to the quantity that can be carried (i.e. economy of scale). 
 
As for by-products 𝑙 by-products, 𝐷𝐷𝐺𝑆 is transported to all three by-product 
storage and distribution facilities, as shown in Figure 6.2. Biofuel production 
plant 𝑘1(Hull) will ship to by-product storage and distribution facilities 𝑞1 and 
𝑞2 , while biofuel production plant 𝑘2  (Teesside) will ship to by-product 
storage and distribution facility 𝑞1  and biofuel production plant 𝑘3 
(Humberside) will ship to by-product storage and distribution facility 𝑞3. Again, 
the preparation for shipping the 𝐷𝐷𝐺𝑆 to the customers is done at this stage 
as the transportation cost is cheaper compared to the transportation cost 
between the by-product storage and distribution facility and the customers. 
 
As for customer delivery, shipping to Manchester and Liverpool is grouped 
together by by-product storage and distribution facility 𝑞1, and by-product 
storage and distribution facility 𝑞2 is in-charge of shipping to  Edinburgh. 
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Finally, by-product storage and distribution facility 𝑞3  ships the 𝐷𝐷𝐺𝑆  to 
Southampton. This is due to the fact that there is no shipping of 𝐷𝐷𝐺𝑆 to 
London based on the case study. Thus the deliveries are grouped according 
to: 
 Extreme North: Edinburgh 
 North: Manchester and Liverpool 
 South: Southampton 
 
For the by-product warehouse distribution, by-product storage 𝑞1 is in charge 
of northern UK delivery (Manchester and Liverpool) while by-product storage 
𝑞3  is in-charge of southern UK delivery (Southampton). In terms of 
transportation modes, again train is preferred for 𝐷𝐷𝐺𝑆  transportation, if 
possible, as the total unit transportation cost by train is much lower than that by 
truck, due to the quantity that can be carryied. In terms of biofuel supply chain 
framework (model) validity, the setup used for the delivery of 𝐷𝐷𝐺𝑆  is 
sensible as it ensures economy of scale (i.e. preparation for the shipping of 
𝐷𝐷𝐺𝑆 to the customers) and minimises the distance travelled (zone delivery). 
 
As for the other by-product, pure 𝐶𝑂2 , as shown in Figure 6.3, this is 
transported only to by-product storage and distribution facilities 𝑞1 and 𝑞3. 
This is because there are only customers in Manchester and Southampton 
who demand pure 𝐶𝑂2 in the case study (Table 5.7). Thus, by-product storage 
and distribution facility 𝑞1  is in charge of shipping the pure 𝐶𝑂2  to 
Manchester while by-product storage and distribution facility 𝑞3 is in charge of 
shipping the pure 𝐶𝑂2 to Southampton. 
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Figure 6.2: Result for wheat-to-ethanol biofuel supply chain case study (𝐃𝐃𝐆𝐒) 
 
This result is also consistent with the result for 𝐷𝐷𝐺𝑆, as by-product storage 
and distribution facility 𝑞1 is in charge of the northern zone of UK delivery 
(Manchester) while 𝑞3  is in-charge of the southern zone of UK delivery 
(Southampton). This also proves that the biofuel supply chain framework 
(model) under research is consistent, as the distribution of both by-products 
(𝐷𝐷𝐺𝑆 and Pure 𝐶𝑂2) uses the same facility for the same zone. In terms of 
transportation modes, train is still preferred for the by-product transportation, 
and the reason is similar to that for 𝐷𝐷𝐺𝑆 and bioethanol. 
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Figure 6.3: Result for wheat-to-ethanol biofuel supply chain case study (pure 
𝐂𝐎𝟐) 
 
6.2.2 Wheat-to-Bioethanol Biofuel Supply Chain Sensitivity Analysis 
As mentioned in Section 6.2 and shown in Section 6.2.1, the current 
infeasibility of setting up a wheat-to-bioethanol plant in the UK is caused by the 
high animal feed wheat price over the last three years as well as the poor 
conversion rate from wheat to bioethanol in the biofuel production plant. In 
order to investigate the long term feasibility of setting up a wheat-to-ethanol 
biofuel production plant in the UK and show the capability of the biofuel supply 
chain framework (model) in this case study, the following sensitivity analysis 
will be looked at: 
(1) Animal feed wheat vs. bioethanol price, and  
(2) Bioethanol vs. WTI crude oil price in the UK 
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6.2.2.1 Animal Feed Wheat vs. Bioethanol Price 
One important factor to lower the cost of biofuel production for the 
wheat-to-bioethanol supply chain is the purchase cost of the animal feed 
wheat itself. As shown in Figure 5.3, the cost of animal feed wheat in the UK 
has risen from approximately £100 per tonne to £225 per tonne in the last 10 
years (2012 equivalent). Based on the result obtained from the case study, 
Table 6.1 shows how the changes in the animal feed wheat price will affect the 
profits of the various biofuel production plants in Hull (𝑘1), Tesside (𝑘2), and 
Humberside (𝑘3) respectively, keeping in mind that the capacities of all three 
bioethanol plants are different, as shown in Table 5.5. 
 
Table 6.1: Animal feed wheat cost vs. biofuel production plant profit 
Wheat cost 
(£/tonne) 
Profit 𝒌𝟏 (£) Profit 𝒌𝟐 (£) Profit 𝒌𝟑 (£) 
80 £9,972,223.68 £7,109,483.33 £4,123,571.14 
100 £8,138,862.63 £5,109,483.33 £3,290,195.48 
120 £6,305,501.58 £3,109,483.33 £2,456,819.81 
140 £4,472,140.53 £350,442.68 £1,623,444.14 
160 £2,638,779.48 -£1,045,221.58 £790,068.48 
180 £805,418.43 -£2,440,885.85 -£43,307.19 
200 -£1,027,942.63 -£3,836,550.11 -£876,682.86 
 
From Table 6.1, it can be seen that biofuel production plant 𝑘1 (Hull) is 
considered the most profitable among all three biofuel production plants, as it 
is still making a profit when the wheat price is £180 per tonne, compared to 
£140 per tonne for biofuel production plant 𝑘2 (Teesside) and £160 per tonne 
for biofuel production plant 𝑘3 (Humberside). However, based on the latest 
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animal feed wheat price in the UK (£225.50 per tonne as of June 2012), all 
three biofuel production plants will be making a loss. According to the data 
collected in Chapter 5 and the results found, the highest cost price at which all 
three biofuel production plants can make a profit is approximately £140.00 per 
tonne of animal feed wheat. In terms of the biofuel supply chain framework 
(model) validity, it is sensible that biofuel production plant 𝑘1 (Hull) is the most 
profitable among all the biofuel production plants. This is because although the 
biomass feedstock to biofuel conversion for the biofuel production plant in Hull 
is lower than that of the Humberside biofuel production plant, the by-product 
(𝐷𝐷𝐺𝑆 and 𝐶𝑂2) conversion for the Hull biofuel production plant is higher than 
that of the Humberside biofuel production plant. Thus the profit (in terms of 
selling both biofuel and by-products) for the Hull biofuel production plant is 
more than that for the Teesside and Humberside biofuel production plants. 
 
Figure 6.4 shows UK animal feed wheat price vs. profit for all three biofuel 
production plants plotted over a 10 year time period (2012 equivalent). Based 
on the figure plotted, it can be seen that from July 2007 to August 2008, as the 
cost price of the animal feed wheat increases, the overall profits for all three 
biofuel production plants starts to drop. When the animal feed wheat price hits 
£227.27 in March 2008, which is an all-time high, all three biofuel production 
plants make a loss. 
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Figure 6.4: 10 years avg. animal feed wheat price vs. biofuel production plant 
profit (2012-eq.) 
 
Similarly, at the beginning of August 2010, as the animal feed wheat price in 
the UK starts to increase again, the biofuel production plants are also starting 
to make less profit, or even a loss. This trend is especially obvious when the 
price of wheat rises drastically in the last six months of the study period 
(August 2012).  
 
6.2.2.2 Bioethanol vs. WTI Crude Oil Price 
In addition to looking at the cost price of animal feed wheat, which is the raw 
material, another indicator for the sensitivity analysis is the overall production 
cost for the bioethanol at the biofuel supply chain level. In order to make the 
production of a wheat-to-bioethanol plant in the UK feasible, the overall 
production cost for bioethanol has to be less than or equal to the overall 
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production cost of the fossil fuel that is currently being widely used. This can 
then be advertised as an incentive to raise public awareness. 
 
Figure 6.5 shows the UK animal feed wheat price vs. the WTI Crude Oil Price 
over a 10 year period (2012 equivalent). It is interesting to see that both the UK 
animal wheat price and the WTI Crude Oil price follow a similar pattern with 
respect to time, in terms of up-down fluctuations. However, there is not a very 
strong linear co-relationship between these two, as the R squared (𝑅2) value is 
only approximately 0.5173.  
 
 
Figure 6.5 : 10 year avg. feed wheat and WTI crude oil price vs. time  
(2012-eq.) 
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Hull), £0.72 (𝑘2- Teesside) and £0.61 (𝑘3- Humberside) per litre before 
taxation respectively. By comparing these bioethanol prices with the traditional 
fossil fuel price, it can be explained that the bioethanol price is considered 
competitive in terms of the UK petrol price for the past 10 years, as shown in 
Figure 6.6. 
 
For the last 10 years, from January 2003 to January 2013, the UK petrol price 
has been between approximately £0.20 per litre and approximately £0.60 per 
litre. It can be safely concluded from Figure 6.6 that the price of petrol in the 
UK produced from the traditional fossil fuel has risen steadily over these years. 
This can also be proven by the strong co-relationship between the UK petrol 
price and time in the plot, in which the R squared (𝑅2) value is 0.7457. Thus, it 
can be concluded that the price of petrol from fossil fuel will continue to rise in 
the long run, as predicted by many scientists and economists. At the same 
time, Figure 6.7 shows the plot of UK petrol prices against the WTI Crude Oil 
Price for the last 10 years (January 2003 to January 2013). Again, based on 
the plot, it can be deduced that there is very strong relationship between the 
UK petrol price and the WTI crude oil price. This time, the R squared (𝑅2) value 
comes to 0.7258. 
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Figure 6.6: UK petrol price (before tax) vs. time (10 years 2012-eq.) 
 
 
Figure 6.7: UK petrol price vs. WTI crude oil price (10 years 2012-eq.) 
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By using the calculated bioethanol value of £0.62, £0.72 and £0.61 per litre 
before tax from the wheat-to-bioethanol biofuel supply chain case study, the 
corresponding WTI Crude Oil would be approximately between $120 and $140 
per barrel.  In fact, this is considered high for the crude oil price these days. 
Thus, the price of producing bioethanol with an animal feed wheat price of 
£188.37 is not competitive compared with fossil fuel, without any government 
interventions such as subsidies and tax rebates.  
 
Figure 6.8 shows the plot for UK petrol price against UK animal feed wheat 
price for the last 10 years, from January 2003 to January 2013. Again there is 
not much relationship between these two components as the R squared (𝑅2) 
value is only 0.4457. However, by looking more closely at the sensitivity 
analysis of Figure 6.7 and Figure 6.8, it can be seen that the price of 
bioethanol can be very competitive at times, (approximately £0.50 per litre) if 
the animal feed wheat price is between £140 to £160 per tonne. This animal 
feed wheat price is equivalent to when the WTI Crude Oil Price is 
approximately $90 per barrel. As before, with an increase trend in the WTI 
crude oil price in the long run, there will be room for the cost price of animal 
feed wheat for use in bioethanol production to increase as well, assuming the 
rest of the cost components remain the same. This way, there will be good 
fighting chance for biofuel supply chains to compete with the traditional fossil 
fuel supply chains. 
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Figure 6.8: UK Petrol Price vs. UK Feed Wheat Price (10 years 2012-eq.) 
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distribution. 
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transported every month. The fixed costs and the environmental costs take up 
a very small percentage (approximately 0.09% and 0.06%) of the overall costs 
of the biofuel distribution. Thus, companies are likely to neglect the current 
environmental policies set by the government in terms of costing (e.g. the 
carbon price floor). 
 
 
Figure 6.9: Bioethanol delivery per city for centralised distribution method 
 
The total cost for the decentralised model is higher (£420.504M) when diesel 
trucks are used for all of the transportation (i.e. from the biofuel production plant 
to the candidate distribution facilities and from the candidate distribution 
facilities to the customers). Compared to the centralised distribution method, 
there are additional fixed, variable, transportation and environmental costs to 
be considered for the decentralised distribution. In this case, there are no 
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separate deliveries (i.e. delivery from two or more distribution facilities to the 
same customer) for any city, as this would incur even higher transportation 
costs. 
 
 
Figure 6.10: Cost analysis for centralised distribution 
 
Figure 6.11 shows the breakdown cost analysis for the decentralised 
distribution. The overall costs come to £420.504M. The percentage distribution 
looks similar to the centralised distribution method above. Again, the fixed 
costs and the environmental costs account for the lowest proportion of all the 
costs.  
 
The total cost for the decentralised model is higher as there are additional fixed, 
variable, transportation and environmental costs to be considered, compared 
to the centralised model. In this result, there are no separate deliveries for any 
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customer cities (i.e. delivery from two or more distribution facilities to the same 
customer) as this would incur higher transportation costs. This can be seen in 
Table 6.2 . 
 
 
Figure 6.11: Cost analysis for decentralised distribution 
 
Since all the distribution facilities can be selected for this case, it is logical that 
each of the distribution facilities will serve the city/cities closest to them. For 
instance, the distribution facility at Stafford will serve both Manchester and 
Liverpool, assuming that the demand from both cities is within the capacity of 
the distribution facility.  
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Table 6.2: Delivery result for decentralised distribution method (unit: M gal) 
City Sheffield Bristol Manchester Peterborough Cambridge Oxford Liverpool Total 
Derby 1,000,000       1,000,000 
Leicester        0 
Coventry     350,000   350,000 
Gloucester  750,000      750,000 
Northampton        0 
Stoke-on-Trent        0 
Royal Leamington 
Spa 
   150,000  500,000  650,000 
Stafford   1,250,000    1,000,000 2,250,000 
Redditch        0 
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6.3.2 Decentralised Distribution Sensitivity Analysis 
Interestingly, an increase in the number of distribution facilities will cause the 
total cost to fluctuate, which can be seen from Figure 6.12. Even though the 
total cost decreases as the number of facilities increases, there is still a 
threshold in this case. Overall, an increase in distribution facilities does not 
really help in reducing the total cost of decentralised distribution.  
 
Based on the result shown in Figure 6.12, the breakdown on individual 
distribution facility costs for different number of distribution facilities used are 
displayed in Figure 6.13. As the number of decentralised distribution facilities 
increases, the location used to deliver to the customers will vary as well. For 
instance, the Leicester distribution facility is used when the number of 
distribution facilities that can be utilised is between two and five. The Coventry 
distribution facility is only used when the number of distribution facilities that 
can be utilised is more than six. Only the Stafford distribution facility is used 
throughout the entire scenario. As mentioned previously, even though the total 
cost of the distribution facilities decreases as the number of distribution 
facilities increases, there is still a threshold in this case. An increase in the 
number of distribution facilities does not really help in reducing the total cost of 
decentralised distribution. 
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Figure 6.12: Total cost vs. number of distribution facilities allowed for 
decentralised distribution method 
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Figure 6.13: Distribution cost vs. number of distribution facilities used for 
decentralised distribution model 
 
Next, the use of different vehicle types is investigated. Different vehicle types 
effectively increase or decrease the unit transportation costs for the case study. 
Again, the change in the unit transportation costs gives interesting results. For 
this scenario, a unit transportation cost of £0.00 is used as a reference point. 
The results are shown in Figure 6.14, Figure 6.15 and Figure 6.16 
respectively. 
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Figure 6.14: Number of distribution facilities vs. Unit transportation cost 
 
As the unit transportation cost increases, a different number of distribution 
facilities is used, which can be seen from Figure 6.15. Even though five 
distribution facilities are used after the unit transportation cost reaches £0.10, 
the locations of these distribution facilities are not the same in every case. For 
example, when the unit transportation cost is £0.10, Derby, Coventry, Royal 
Leamington Spa, Stafford and Redditch are used. However, when the unit 
transportation cost is £0.15, Gloucester replaces Redditch as the distribution 
facility. This result “stabilises” only after the unit transportation cost has 
reached £0.20 or more in our study. This can be seen from Figure 6.15. 
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Figure 6.15: Number of distribution facilities vs. Unit transportation cost 
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transportation cost between the distribution facility and the customer is below 
£0.15, the overall costs for the decentralised distribution method will be lower 
than for the centralised distribution method. One way to achieve this is by 
using vehicles such as electric trucks. 
 
 
Figure 6.16: Total transportation cost vs. unit transportation cost for 
decentralised distribution between the distribution facility and the customer 
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centralised distribution option, if diesel trucks are used for deliveries. However, 
if different types of trucks (e.g. electric trucks) are used for delivery between 
the distribution facilities and the customers, then decentralised distribution can 
be a good option.  
 
More importantly, the total distance travelled as well as the unit transportation 
cost dominates the strategic application of centralised or decentralised 
distribution methods. Thus, the biofuel company needs to balance the costs of 
hiring distribution facilities and the costs of transporting the bioethanol on their 
own. This also depends on the location of its customers as well as the vehicle 
type used. With the current rate of increase in the environmental levy, the 
biofuel company is still able to keep the cost low for both distribution methods, 
as the cost of the environmental levy is not a threat in terms of total cost at this 
moment. 
 
Relating back to the base case study, the transportation method case study 
gives an idea of the type of distribution method that is most cost effective in 
terms of the biofuel supply chain. However, there are still many other factors 
that may not have been taken into consideration in this case study, for instance 
social behaviours by people and wild life habitats, in relation to setting up new 
distribution facilities.  
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CHAPTER 7: CONCLUSION AND FUTURE WORK 
 
This research looks at a biofuel supply chain framework that aims to maximise 
profit (NPV) and minimise environmental impact. This is done by considering 
the various sub-components of the biofuel supply chain, namely: 
 The biomass supply- the biomass feedstock is harvested and transported 
based on seasonality. 
 The biomass storage and distribution facility- the biomass feedstock 
capacity and location are calculated based on candidate points. 
 The biofuel production plant- conversion technology, and production plant 
capacity and location are calculated through the candidate points. 
 The product storage and distribution facility- the main product (biofuel) and 
by-product capacity and locations are calculated based on candidate 
points. 
 The transportation modes- different types and sizes of transportation 
modes are considered in the biofuel supply chain to reduce the cost. 
 Government policies, such as environmental levy, taxation and subsidies, 
which take into consideration the extent of policy effects in the biofuel 
supply chain. 
  
In order to better define the structure of the biofuel supply chain being 
researched, literature on different classifications of supply chain are looked at. 
This includes the traditional manufacturing supply chain; the retail supply chain; 
and the hybrid supply chain. Also, types of supply chain integration are 
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investigated. This includes both horizontal and vertical integration, in which the 
biofuel supply chain under research can be classified as fully integration under 
vertical integration. This is followed by literature on the biofuel supply chain, 
modelling, and various components be involved in the research, such as 
conversion methods and government policies. 
 
Since environmental impact is an important component for this research, past 
studies on life cycle analysis and its different variations (i.e. life cycle cost 
analysis and life cycle environment cost analysis) are also looked at.  
 
In this research, the biofuel supply chain framework under study is developed 
using the superstructure approach with block representation for each node. 
Under this representation, every node has an input to be converted into an 
output, which is supported by various auxiliary inputs and also produces 
various auxiliary outputs, which are considered as by-products. This is then 
applied to the entire biofuel supply chain as shown in Figure 3.1. Assumptions 
for each biofuel supply chain sub-component (i.e. biomass cultivation site; 
biomass storage and distribution facility; biofuel production plant; biofuel and 
by-products storage and distribution facility); government policies and 
environmental impacts are also listed before the mathematical formulations 
are applied. 
 
With the setting up of the biofuel supply chain framework (model), two case 
studies are presented to show the feasibility and validity of the model proposed. 
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The first case study is a case study of a wheat-to-ethanol biofuel supply chain 
in the UK. The case study is used to demonstrate the capability and feasibility 
of the overall biofuel supply chain framework proposed in this research. The 
second case study is a case study of distribution of the main product (i.e. 
biofuel) in the UK. The case study investigates the effects of distribution 
method (centralised and decentralised transportation) on the biofuel supply 
chain, from the biofuel production plant to the customer. The model is solved in 
General Algebraic Modelling Systems (GAMS) using a mixed integer linear 
programming (MILP) CPLEX solver. 
 
Based on the result obtained in the first case study, the overall cost for starting 
and maintaining a biofuel (bioethanol) supply chain in UK is still relatively high, 
since most of the biofuel production plants in the case study are unable to 
make any profit. The only biofuel plant that is able to make profit is the one 
located in Hull. This is due to the high purchase cost of animal feed wheat in 
the UK and the poor conversion rate from wheat to bioethanol. 
 
As for the second case study on the different distribution methods (centralised 
distribution vs. decentralised distribution), it can be concluded that it is cheaper 
for the biofuel company to choose the centralised distribution option, if diesel 
trucks are used for deliveries. However, if different types of trucks (e.g. electric 
trucks) are used for delivery between the distribution centres and the 
customers, then decentralised distribution can be a good option.  
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Overall, this research gives an overview on the setting up of a biofuel supply 
chain framework, where each of the sub-components, from the biomass 
cultivation site to the customer are considered, together with other factors such 
as government policy and environmental impacts. At the current stage, biofuel 
produced from biomass feedstock is still not as competitive as traditional fossil 
fuel. Based on the lowest calculated bioethanol value of £0.61 per litre before 
tax from the wheat-to-bioethanol biofuel supply chain case study, the 
corresponding WTI Crude Oil would be approximately $140 per barrel.  In fact, 
this is considered high for the crude oil price at present. In order for biofuel to 
be competitive (approximately £0.50 per litre), the animal feed wheat price 
needs to be between £140 and £160 per tonne. This corresponds to a WTI 
Crude Oil Price of approximately $90 per barrel. 
 
However, since the WTI crude oil price will be increasing in the long run, there 
will be room for the cost price of animal feed wheat for use in bioethanol 
production to increase as well, assuming that the rest of the cost components 
remain the same. This way, there will be a good fighting chance for biofuel 
supply chains to compete with traditional fossil fuel supply chains. 
 
In summary, the proposed research fill the gap in terms of holistic approach 
towards the supply chain of biofuels. It bridges both the process-centric and 
operation research centric views the current biofuel processes by including 
better treatment of degrees of freedom and considerations from Small and 
Medium Enterprises (SMEs) viewpoints. The work also allows combinations of 
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various models built for specific supply chain stage. This brings more diverse 
applications of the model and better analysis of biofuel supply chain as a whole, 
such as analysis of biofuel supply chain with respect to the changes in 
biomass / biofuel price. 
  
Possible future work can be considered from the following few perspectives: 
 In terms of biomass feedstock to biofuel conversion process, look into 
other possible conversation technologies, such as anaerobic digestion 
and 3rd generation biofuel production via algae. Although the current 
proposed model is able to consider these technologies via the use of 
conversion factors, the details of the concepts can be investigated to 
further improve the accuracy of the model. 
 In terms of environmental impact, Water Footprint and Nitrogen 
Footprint can be considered together with the carbon footprint. This is 
because Water Footprint and Nitrogen Footprint are also important 
environmental gauge enforced by the governments. Thus the details 
can be considered as part of the environmental impact in the model. 
 Other than considering the biofuel and by-product distribution, the 
concept of centralised vs. decentralised distribution can also be applied 
to the biomass feedstock supply as well as biofuel production. For 
instance, the feasibility of having a few smaller biofuel production plants 
cross UK can be studied and compared against having a large biofuel 
production plant, where massive land size and resources are needed. 
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